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Abstract

Abstract
Environment pollution and energy crisis remains to be the primary challenges for modern society.
Developing sustainable and renewable energy sources along with efficient energy storage and conversion
technologies is considered to be the key to address the issues. Electrochemical water splitting coupling with
grid-scale renewable energy harvesting technologies is now becoming one of the most promising
approaches. Hydrogen, with the highest mass-energy density of any fuel, is regarded as the ultimate clean
energy carrier. The realization of practical water splitting depends heavily on the development of low-cost,
highly active, and durable electrocatalysts for hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER). Recently, heterostructured catalysts that are generally composed of electrochemical active
materials and various functional additives have demonstrated extraordinary electrocatalytic performance
toward HER and OER, and particularly, a number of precious metal-free heterostructures delivered
comparable activity with precious metal-based catalysts.
In this doctoral work, the recent research progress on heterostructured electrocatalysts towards
electrochemical water splitting is first reviewed. The design and synthesis of heterostructures,
electrochemical performance, and the related mechanisms for performance enhancement are discussed.
After that, based on the summarized principles for designing advanced heterostructured electrocatalysts,
three types of electrocatalysts are designed and synthesized, and then the insight into the promoted
electrochemical performance is studied.
In the first case, a heterostructured HER electrocatalyst is constructed using HER-active MoS2
nanosheets and water-adsorption-favored Ni(OH)2 as building blocks, aiming to accelerate the sluggish
water dissociation process. Specifically, the sub-nanosized Ni(OH)2 clusters are found to be epitaxially
decorated on the surface of MoS2. This epitaxial Ni(OH)2/MoS2 heterostructures show significantly
enhanced HER activity in 1 M KOH, and the overpotential is decreased by nearly 150 mV to reach a current
density of 10 mA cm–2. The substantial increase in turnover frequency (TOF) demonstrates that the intrinsic
activity is greatly improved after the incorporation of Ni(OH) 2 nanoclusters. The presence of Ni(OH)2
nanoclusters would provide additional water dissociation sites while MoS2 is ready for the adsorption and
combination of the generated H*, and this so-called synergistic effect eventually induces significantly
enhanced alkaline HER kinetics. Besides, the electron transfer from Ni(OH) 2 to MoS2 increases the proton
affinity of MoS2. The present results describe an interesting case of nanoscale electrochemically inert
material promoted HER process.
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In the second case, CoSe2/MoSe2 heterostructures with CoSe2 quantum dots anchored on MoSe2
nanosheets are synthesized towards enhanced alkaline HER catalytic activity. The incorporation of CoSe 2
is intended to build additional water adsorption sites on the basal planes of MoSe2 to promote water
dissociation. The CoSe2/MoSe2 heterostructures show substantially enhanced activity over MoSe2 and
CoSe2 in 1 M KOH. The optimal overpotential required to reach a current density of 10 mA cm–2 is merely
218 mV, more than 100 mV superior to MoSe2. The promotion mechanism is similar to the case of Ni(OH)2,
and cubic phase CoSe2 works as a water dissociation promoter. Additionally, the phase effect of cubic phase
CoSe2 and orthorhombic phase CoSe2 was explored, and the orthorhombic phase CoSe 2 is not as good as
cubic phase CoSe2 in view of promoting water adsorption/dissociation.
In the third case, an Ir/Ni(OH)2 heterostructure is designed for efficient OER. In general, developing
highly efficient electrocatalyst for OER is challenging due to the restriction of the scaling relationship
between multiple intermediates as well as the high energy barrier for the formation of O-O bond. In this
Ir/Ni(OH)2 heterostructure, Ir species provide highly active sites for OER and Ni(OH)2 serve as a
multifunctional substrate. We found that the adsorptions of the multiple intermediates are synergistically
optimized by Ir species and the Ni(OH)2 substrate, which breaks the restrictive scaling relation and
substantially accelerates the OER kinetics. Besides, the strong electronic interaction and chemical bonding
between Ir and Ni(OH)2-NSs can effectively stabilize the metastable electrophilic Ir(V), which is highly
active for the formation of O-O bond. In the meantime, Ir species are free from severe agglomeration during
not only the synthesis process but also the OER process due to the confinement effect of the Ni(OH) 2-NSs,
which ensures the catalyst structure integrity and the effective exposure of active sites. Owing to the merits
of the unique interface chemistry, the Ir/Ni(OH) 2 heterostructure exhibits exceptional OER activity and
durability in alkaline media, and requires an overpotential of merely 224 and 270 mV to reach the current
density of 10 and 100 mA cm–2, respectively, with a low Tafel slope of 41 mV dec –1. Our results highlight
the power of interface (heterostructure) engineering towards the rational design and development of
advanced electrocatalysts for water splitting and other electrocatalysis applications.
Based on these results, it can safely draw the conclusion that heterostructure engineering is a
versatile and effective strategy toward designing advanced electrocatalysts for water splitting. The superior
performance generally originates from the unique interface chemistry including the inter-component
electronic interaction, distinctive atomic coordinates, lattice strains, confinement effect of the substrate, and
the possible synergistic effect. Therefore, I believe this doctoral work can provide deep insights into the
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HER and OER mechanism and offer general principles for developing advanced electrocatalysts for water
splitting, which will finally light up the future of hydrogen energy.
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Chapter 1
Introduction
1.1 Research background
Environmental pollution, global warming, and energy crisis caused by massive fossil fuel
combustion have been the focus of world attention since the beginning of 21st century.[37] According to a
recent report from the International Energy Agency, the global energy demand will expand by 30% by 2040,
and the CO2 emissions will reach as large as 35.7 Gt per year in 2040.[38] The unrenewable fossil fuels are
being consumed so fast that they might be used up in the foreseeable future. Therefore, establishing a
global-scale clean and sustainable energy system is on the top challenges facing the humanity. To this end,
countries from all over the world are taking steps to stimulate the development and application of renewable
energies such as hydropower, solar, and wind energy, etc.[39-40] For example, Denmark has signed an
agreement in 2012, aiming to increase the ratio of wind power-generated electricity to be at least 50% of
the electricity consumption by 2020. Similarly, the Federal Government of German has decided to stop the
using of nuclear energy by 2022, and the roadmap for using renewables has been established (Figure 1.1).[1]

.
Figure 1.1 Targets in Germany for the share of electricity produced from renewable sources.
Reproduced with permission.[1] Copyright 2013 Hydrogen Energy Publications, LLC. Published by
Elsevier Ltd.
However, due to the spatial and temporal discontinuities, these renewable energies are commonly
under-utilized, resulting in a low energy delivery efficiency. One strategy to solve this problem is to develop
low-cost grid-scale energy storage systems, and therefore the excessive electricity can be stored in
batteries.[41-44] To date, there are massive research focus on developing safe, cheap, and long-term electrode
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materials for batteries.[45-47] However, the complicated processing procedures for batteries assembling, the
relative low energy density, as well as the low service life greatly decreases the potential economic
efficiency. Another promising solution is to convert the electricity into chemical fuels with the help of
electrochemical reactions. Among various choices, H2 is considered as the ultimate clean energy carrier
owing to its highest gravimetric energy density among all chemical fuels (142 MJ Kg–1, upper heating
value).[48] For one thing, H2 can be generated by coupling the renewable energy harvesting facilities with
water electrolyzers. The generated H2 then can be easily stored and transported. For another, the only
product of H2 combustion is water, and hence the use of H2 will significantly mitigate the environmental
concerns due to zero emission of carbonaceous species.

Figure 1.2. The sustainable pathway for the circulation of hydrogen energy
Figure 1.2 shows a sustainable pathway for the circulation of hydrogen energy regarding the
combination of renewable energy harvesting and electrochemical water splitting. This hydrogen production
process is CO2-free and requires only water and electricity,[49-50] in sharp contrast to the steam reforming
reaction which is the primary hydrogen production approach in the industry and involves fossil fuels
consumption and CO2 emission.[51-52] Besides, the electrochemical water splitting produces H2 with a high
purity that can directly be used as either an industrial feedstock or the fuel gas for householding.
Furthermore, H2 is the ideal fuel for proton-exchange membrane fuel cells (PEMFCs), which is a highly
efficient energy conversion device and is also a promising candidate for electric vehicle power systems.
Therefore, it is pivotal to develop efficient water electrolysis systems and thus enable the non-polluting H2
production for establishing the clean and sustainable energy system for the future.
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In a typical water electrolysis system, H2 and O2 is produced at the cathode and the anode through
the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), respectively, and an external
potential is applied to overcome the energy barrier of the reaction (237 kJ mol –1). Although the water
electrolysis theory is straightforward, the large-scale application of water splitting for H2 production is still
absent in reality today.[53] The first commercial demonstration of water electrolysis dates back to as early
as the 1890s. However, after more than 100 years of exploration, electrochemical water splitting contributes
only 4% of H2 supply worldwide.[54] While the relatively high cost of hydrogen generation via
electrochemical water splitting remains to be the main reason, another argument that have been used to
disregard water electrolysis is the perceived low efficiency. In practice, the energy conversion efficiency
of a commercial electrolyzer system is about 56–73%.[55] To address this issue, we must use advanced
catalysts to improve the energy conversion efficiency. At present, precious metal-based catalysts remain to
be the most efficient catalysts for HER and OER.[56-59] However, the elemental scarcity makes it
economically deficient to use these precious metals as electrocatalysts. Consequently, developing earthabundant catalysts with high activity becomes one of the top priorities for increasing the energy conversion
efficiency of water electrolysis systems. To date, various earth-abundant catalysts with considerable
catalytic activity towards OER and HER have been reported. [60-67]
Recently, a series of heterostructured electrocatalysts have shown potential applications in
electrocatalysis. The notion of heterostructure originates from the field of semiconductor. According to the
definition, heterostructures consist of abundant heterojunctions — the interfaces between different
components, and heterostructures are semiconductor structures where the chemical composition changes
with position.[68] With the intercrossing and merging of knowledge network, the concept of heterostructure
has gone beyond the field of semiconductor. More generally, heterostructures may be defined as the
composite structures that consist of interfaces formed by different solid-state materials, including
conductors, insulators as well as semiconductors. The concept of heterostructure hereinafter in this thesis
refers to this generalized definition. Accordingly, a heterostructured catalyst consists of two or more types
of materials that are usually physically or chemically bonded together. From the perspective of the catalytic
activity of the catalysts, the components in a heterostructure could be either active or non-active.
Nevertheless, most heterostructured catalysts exhibit higher activities than any of their components due to
many advantages that heterostructured catalysts might possess.
Although dramatic progresses have been achieved in the recent years, developing earth-abundant
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electrocatalysts with satisfying activity and durability is still challenging. Also, more efforts should be
devoted to reveal the origination of the superior performance of heterostructured electrocatalyst, that is, the
structure-function relationship, so as to provide general principles for the development of advanced
electrocatalysts.

1.2 Objectives of the research
Generally, there are two strategies for increasing the activity of electrocatalysts: increasing the
exposed number of active site and increasing the intrinsic activity. For noble-metal based electrocatalyst,
the cost of electrocatalyst can be reduce by increasing the exposure ratio of highly active noble metal atoms,
that is, to increase the number of active sites. Meanwhile, the intrinsic activity of every individual atom can
be tuned by interface engineering such as lattice strain, electronic interaction, and hetero-atom coordinate.
For non-noble-metal based electrocatalyst, the major challenge is to increase the intrinsic activity.
This research focuses on developing advanced electrocatalysts for the water splitting based on the
heterostructure engineering strategy. The objectives of the research are (1) summarizing the advances of
heterostructured electrocatalysts and providing general designing principles for heterostructured
electrocatalysts; (2) designing and preparing efficient electrocatalyst based on heterostructures toward
alkaline HER; (3) designing and preparing efficient electrocatalyst toward OER; (4) revealing the structurefunction relationship of heterostructured electrocatalysts.

1.3 Thesis structure
The structure of this thesis work is briefly outlined as follows:
Chapter 1 introduces the research background for the hydrogen energy and the hydrogen production
via electrochemical water splitting.
Chapter 2 presents a literature review on the reaction mechanism of HER and OER, as well as the
recent progresses on heterostructured electrocatalysts.
Chapter 3 presents the general experimental procedures including materials synthesis, physical
characterization methods, and the employed electrochemical measurements.
Chapter 4 shows the case of Ni(OH)2/MoS2 heterostructure for the HER, where Ni(OH)2
nanoclusters serve as a promoter for the water adsorption/dissociation and MoS2 works for the combination
of hydrogen atoms.
Chapter 5 presents another case for the alkaline HER, in which cubic phase CoSe 2 works as the
water adsorption/dissociation promoter. The phase effect of CoSe2 is discussed in this section.
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Chapter 6 shows the design and synthesis Ir/Ni(OH) 2 electrocatalyst for the OER. In this case, the
heterostructure is designed to break the scaling relationship of the intermediates involved in the OER.
Chapter 7 summarize the conclusions obtained in this doctoral work and provide my perspectives
for the future development of heterostructured electrocatalysts for the water splitting.
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Literature review
2.1 The history of electrochemical hydrogen production
The first prototype of water electrolyzer dates back to as early as the 1780s. Two Dutchmen, Paets
van Troostwijk and Deiman, used a tottom-closed glass tube with a thin gold wire protuded through the
tube.[69] Then the glass tube was filled with water and inverted. Through the other open end of the tube,
another gold wire was inserted within a short distance away from the former sealed-in wire. Then the
constant electricity passed through the gold wires and cased gas evolution. At that time, the constant
electricity was generated by electrostatic generator, which was cumbersome and unstable. Later, in 1800,
Alessandro Volta inveted voltaic pile, providing an easily accessible and reproducible source of near
constant voltage. With the help of Volta’s battery, William Nicholson reproduced Paets van Troostwijk and
Deiman’s water electrolysis experiment where the cathodic and anodic processes are sepatated.[69] The basic
principles of water electrolyzer is illustrated in Figure 2.1.

Figure 2.1. The illustration of water electrolyzer
The first commercial demonstration of water electrolysis can go back to the 1890s. After more than
100 years’ exploration, the water electrolysis technology has been well studied. Nowadays, there are three
types of water electrolyzers including alkaline electrolyzer, proton exchange membrane (PEM) electrolyzer,
and high temperature electrolyzer. For now, high temperature electrolysis technique operates at the
temprature range between 500 ~ 1000 °C and is still in the lad scale. In contrast, alakline electrolyzers and
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PEM electrolyzers are low temperature technologies (50 ~ 90°C) and have been commercialized.
For alkaline electrolyzers, cheaper earth-abundant electrocatalysts can be used, and the service
lifetime is usually longer owing to the exchangeable electrolyte as well as the lower dissolution rate of
anodic catalyst. Nevertheless, the lifetime of PEM electrolyzer cell still can be up to 40 000 h. In contrast,
the operational cost of PEM electrolyzers is lower than alkaline electrolyzers because PEM electrolyzers
possess much shorter response time as well as higher working current density than alkaline electrolyzer.
The membrane used in PEM electrolyzer is thinner with smaller ohmic resistance, leading to lower ohmic
losses. Moreover, the gas purities of alkaline electrolyzers are usually higher than PEM electolyzers since
the gas diffusivity is lower in alkaline electrolyte.
Generally, water electrolyzers usually possess efficiencies between 70% and 80%, depending on
technology and loading. For the most state-of-the-art PEM electrolyzer or alkaline electrolyzer, the energy
efficiency can be as high as 86%, and theoretical efficiency for PEM electrolyzers is predicted at up to 94%.
Producing 1 kg of hydrogen (which has a higher heating value of ca. 39.4 kWh kg–1) requires ca. 49 ~ 56
kWh of power, depending on efficiency.

2.2 The theories of HER & OER
Essentially, water splitting is an electrochemical process where redox reactions take place at the
surface of electrodes involving the transfer of electrons between electrodes and electrolyte. In particular,
protons (H+) or water molecules (H2O) are reduced to H2 on the surface of the cathode; meanwhile, H2O or
hydroxide ions (OH–) are correspondingly oxidized to O2 at the anode of the electrochemical system. The
fundamental reactions are illustrated in the E-pH diagram in Figure 2.2.

.
Figure 2.2. The E-pH diagram of water, showing the fundamental reactions of water splitting.
According to the classical transition state theory, the catalyst is able to change the reaction process
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by forming a series of intermediates on the catalyst surface, hence the activation energy of the altered
process is lower, and the reaction is catalyzed. [70] The higher current the electrolyzer operates, the more
overpotential it requires. This overpotential caused by the electrochemical reaction is the activation
overpotential, or the dynamic overpotential, and the use of electrocatalyst will dramatically reduce the
dynamic overpotential (Figure 2.3). Both HER and OER involve a succession of steps depending on the pH
value of the electrolyte. Given this, the mechanisms for HER and OER will be discussed separately in acidic
and alkaline media in the following sections.

Figure 2.3. The illustration of the dynamic overpotential of water electrolyzers.

2.2.1 The Sabatier principle and volcano plots
The Sabatier principle is a dominating rule in chemical catalysis. It states that, for a good catalyst,
the adsorption energy between the chemical species and the catalyst should be neither too high nor too
low.[71] The reaction will not take place if the interaction between the catalyst and the intermediates; while
the desorption process will slow down the reaction if the interaction is too strong. This important law in
catalysis is found and named after the French chemist Paul Sabatier (Figure 2.4). In 1920s, when Sabatier
was studying the hydrogenation reaction of nickel, he found out that, nickel possessed its activity because
it could readily form an intermediate hydride which, in turn, decomposed to regenerate the free metal.
Therefore, he proposed that for an efficient catalyst, the adsorption energy should be just right.
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Figure 2.4 Paul Sabatier, reproduced from Wikipedia under the terms of the CC BY-SA 3.0.
Using the Sabatier principle, a volcano plot could be obtained by plotting the activity index against
the interaction force between catalyst and the reaction intermediates. Generally, the activity is evaluated by
the exchange current densities, overpotentials at certain current densities, or the current density at certain
overpotentials; while the interaction force can be evaluated by the adsorption energy. For HER, there is
only one type of intermediate, that is, the adsorbed hydrogen. Thus, the catalyst’s performance is highly
dependent on the adsorption of H*. The first volcano plot for HER was constructed by Trasatti, as shown
in Figure 2.5 and he used the energy of hydride formation instead of the adsorption energy to evaluate
adsorption due to the unavailability of neither experimental nor theoretical data for the hydrogen adsorption
energy (∆G°H) at that time.[2]
When it comes to OER, although there are a variety of proposed mechanisms, diverse intermediates
are always involved in OER. It’s difficult to find a proper descriptor to represent the adsorption abilities of
the surface. Besides, it turns out that there is a scaling relation between the adsorption energy of these
intermediates.[4] If the adsorption energy of oxygen atom is zero, then the adsorption energy of hydroxide
and oxyhydroxide will not be zero. Then scientists used the difference between the adsorption energy of
adsorbed oxygen and adsorbed hydroxide as the descriptor (Figure 2.6).[3] This scaling law leads to
disparate free energies for each step in OER. Consequently, even the most active catalyst for OER will have
a non-zero overpotential for this four-step mechanism.
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Figure 2.5 The first volcano plot for HER reported by Trasatti. Reproduced with permission.[2]
Copyright 1972. Published by Elsevier B.V.

Figure 2.6 Volcano plot for OER, showing the activity trend against the standard free energy of
△GHO* – △GO* step. Reproduced with permission.[3] Copyright 2011. WILEY‐VCH Verlag GmbH & Co.
KGaA, Weinheim

2.2.2 HER mechanism
Electrocatalytic HER is essentially an electrochemical process where redox reactions take place at
the electrode/electrolyte interface. Depending on the pH value of the electrolyte, H2 is generated via the
reduction of either proton (H+) or H2O, both of which involve a series of elementary steps.
HER in acid media
It has generally been accepted that the HER at the surface of various catalysts involves two
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successive steps in acidic media.[72-74] At the beginning of HER, a H+ adsorbs on the catalyst surface to
form an adsorbed hydrogen atom (H*), where * represents an active site on the catalyst surface. This process
is called the Volmer step or the discharge step (eq. 2.1). Then a H* combines with a H+ and an electron (e–)
to form a H2 molecule, as described in eq. 2.2, which is named as the Heyrovsky step or the electrochemical
desorption step. Alternatively, H2 could be formed via the Tafel step which is also known as the chemical
desorption step, i.e. the combination of two H* on the catalyst surface (eq. 2.3). The overall reaction of
HER is represented in eq. 2.4, the standard electrode potential (E°) of which is used as the reference for
evaluating the standard electrode potential of electrochemical reactions. [75]

H + + e− → H *

(2.1)

H * + H + + e− → H 2

(2.2)

2H * → H 2

(2.3)

2H + + 2e− → H 2

(2.4)

HER in alkaline media
As for the HER in alkaline media, ∆G°H still works for describing the adsorption behavior of
hydrogen on the surface of catalysts. It is interesting to note that the volcano plot in alkaline media shift
only up and down rather than left or right comparing with that in acidic solution.[76] Specifically, the
exchange current densities of HER on most metal catalysts in alkaline solutions are two to three orders of
magnitude smaller than in acidic electrolytes.[18, 77] One of the most important reasons for this inferior
catalytic activity is that the alkaline HER proceeds via a distinct pathway from that in acid solutions. Due
to the lack of H+, the HER in alkaline media starts from dissociating H 2O molecules to provide protons,
which process is involved in both the Volmer step (eq. 2.5 and the Heyrovsky step (eq. 2.6) of alkaline
HER, while the Tafel step remains the same with that in acid solutions. The overall reaction process is
described in eq. 2.7, and the E°of this reaction vs. the standard hydrogen electrode (SHE) is -0.826 V.

H 2O + e− → H * + OH −

(2.5)

H * + H 2O + e− → OH − + H 2

(2.6)

2H 2O + 2e− → 2OH − + H 2

(2.7)
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2.2.3 OER mechanism
OER in acid media
As the anodic part of the overall water splitting reaction, OER is more kinetically sluggish than HER
because OER involves four electron transfer and the oxygen-oxygen bond formation.[78] The overall
reaction process in acidic solution is described in eq. 2.9 and the E°is 1.229V vs. SHE.[79] However, the
multi-electron-transfer in one single step is not kinetically favored. A more applicable scenario is that OER
consists of multiple steps with one electron transfer in each step, which have been proved by both
experimental results and theoretical calculations. [80] Various mechanisms have been proposed with respect
to catalyst types; however, these mechanisms are somehow coincident considering the reaction processes.
Generally, H2O first dissociates on catalyst surface forming adsorbed hydroxyl (OH*), and then OH* is
further oxidized to oxygen atom (O*). After that, a superoxide intermediate (OOH*) is formed followed by
the evolution of O2 (eq. 2.10 ~ 2.13).

2H 2O → 4H − + O2 + 4e−

(2.9)

H 2O → H + + OH * +e−

(2.10)

OH * → H + + O * +e−

(2.11)

H 2O + O* → H + + OOH * +e−

(2.12)

OOH * → H + + O2 + e−

(2.13)

Similarly, if the adsorption free energies of all the intermediates in OER on a catalyst are close to
neutral, the catalyst would be theoretically active for OER. However, the binding energies of these
intermediates (EOH*, EO*, EOOH*) are correlated following the scaling law (eq. 2.14 ~ 2.15).[81-82]
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Figure 2.7 The DFT-binding energy of HO* as a function of the O* binding energy. The two binding
energies are related by the function EHO* = 0.5EO* + 0.05. Reproduced with permission.[4] Copyright 2005.
Elsevier B.V.

Figure 2.8 The DFT-binding energy of HOO* as a function of the O* binding energy. The two
binding energies are related with the function EHOO* = 0.53EO* + 3.18. Reproduced with permission.[4]
Copyright 2005. Elsevier B.V.
This fundamental relationship between the reaction intermediates leads to disparate free energies of
each step in OER which consequently result in the fact that even the most active catalyst for OER will have
a non-zero overpotential for this four-step mechanism. The compare between the free energies of OH* and
OOH* indicates that the formation of OH* and OOH* is the potential rate determining step at weak and
strong oxygen binding, respectively.[83]

EOH * = 0.5  EO* + 0.05

(2.14)

EOOH * = 0.53  EO* + 3.18

(2.15)

Generally, catalysts for OER are metal oxides or oxidized surface of other type of compounds,
therefore, volcano plots for the OER were constructed for a wide variety of metal oxide surfaces using ∆G O∆GOH as the descriptor.[3] To date, iridium dioxide (IrO2) has the highest activity toward OER in acidic
media.
OER in alkaline media
The overall reaction process is described in eq. 16, the E°of which is 0.403 V vs. SHE. Because of
the complexity of OER and the difficulty in unambiguously distinguishing possible intermediates (OH*,
O*, OOH*, OO*, etc.) along the reaction pathway, a variety of reaction mechanisms have been proposed
based on different types of catalyst, which can be found in literatures. Eq. 2.17 ~ 2.20 illustrate one of the
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proposed OER mechanisms in alkaline solutions on perovskite, an extensively studied catalyst for OER in
alkaline solution.[84-87] Similarly, using ∆GO-∆GOH as the descriptor for OER activity, volcano plots of
alkaline OER have been established based on many types of catalysts including rutile, perovskite, spinel,
rock salt, bixbyite oxides etc., which provide basis and insight for designing efficient OER catalyst. [3]

4OH − → 2H 2O + O2 + 4e−

(2.16)

OH − + OH * → H 2O + O * +e−

(2.17)

OH − + O* → OOH * +e−

(2.18)

OH − + OOH * → OO * + H 2O + e−

(2.19)

OH − + OO* → OH * +O2 + e−

(2.20)

As the development of theoretical and computational methodologies, new insights have obtained to
elucidate the deeper mechanism of water splitting. However, the proposed mechanism may not be the exact
reaction pathway due to the limitation of experimental facilities. Time-resolved techniques and
experimental approaches must be further developed to provide more convictive evidence and thus construct
more accurate reaction pathway. Meanwhile, the input from the more accurate experiment results will help
refine computational approaches and revise theoretical models. Together, theoretical and experimental
mechanistic studies will continue helping to design more advanced catalysts for water splitting.

2.2.4 The development HER electrocatalysts
As indicated by the HER volcano plot, noble metals including Pt, Pd, Ir possess appropriate binding
energies to hydrogen. Compared with the other noble metals, Pt is the most attractive one since Pd can alloy
with hydrogen, and Ir is elementally scarcer. Now various types of Pt-based electrocatalysts are
commercially available. Generally, the commercial Pt/C electrocatalyst is used as the benchmark to
evaluate the reliability of the electrochemical test setup as well as the performance of the samples.
To mitigate the problem that the elemental scarcity severely hindered the use of noble metals in large
quantity, great efforts have been devoted to reduce the required amount of noble metals. Nanostructure
engineering is one of the most promising strategies for increasing the exposure of noble metal atoms. By
dispersing the HER active noble metal nanoparticles on conductive substrates, highly efficient
electrocatalysts can be developed. Further reducing the size of nanoparticles leads to the formation of
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nanoclusters and even single atoms. In recent years, developing single atom based electrocatalysts has
drawn considerate attentions, and dramatic progresses have been achieved. However, the structural stability
of these ultra-small nanoclusters and single atoms has been the bottleneck for the further use.
Another route to reduce the cost of electrocatalyst is to avoid the use of noble metals. In other words,
to develop electrocatalysts with high activity using earth abundant elements such as Fe, Co, Ni, N, O, S, P,
etc. In 2004, Nørskov’s group collected experimental data of exchange current densities for HER on various
metals, calculated the corresponding adsorption energies using the density functional theory (DFT), and
presented the first modern volcano plots.[88] The results perfectly elucidate the origin of the superior HER
activity of Pt and provide an intuitive description for the dependence of HER activity on hydrogen binding
energy. As a successful paradigm, the edge sites of MoS2 were predicted to possess high HER activity based
on a close-to-neutral ∆G°H of MoS2 edges,[89] which afterwards were confirmed by experiments. [90] Since
then, attempts to expose more edges of MoS2 have achieved dramatic success in developing advanced HER
catalysts,[5,

91]

which highlights the importance of combining theories and the practice in developing

advanced HER catalysts. Thanks to DFT calculations which is an integral part of the modern catalysis
science, ∆G°H now can straightforward be obtained and has played an indispensable role in interpreting the
intrinsic electrocatalytic activity of HER catalysts.[92]
As for the alkaline HER, the kinetics on most catalysts is more sluggish in alkaline electrolytes
because additional energy is required to generate protons in alkaline media. It has been reported that alkaline
HER activity is controlled by a delicate balance between ∆G°H and the energy required to dissociate H2O.[74]
However, a variety of HER catalysts including MoS2, Co2P are not favored for water dissociation process.[21,
93]

Consequently, promoting the water dissociation process while remaining a moderate hydrogen

adsorption energy is a useful strategy to design efficient catalysts toward alkaline HER.

2.2.5 The development of OER electrocatalysts
Similar to HER, the most efficient OER electrocatalyst are also based on noble metals including Ir,
Ru, and their oxides. One the one hand, the dominating scaling relationship between the intermediates
makes it more challenging to achieve high catalytic activity. On the other hand, the high working potential
naturally exclude a variety of materials since they could be oxidized or dissolute in the electrolyte under
such high potential. Recently, there are various reports regarding using TMDs, TMPs, or TMNs as OER
electrocatalyst. However, arguments are that these materials should not be considered as real OER catalysts.
Instead, the concept of “pre-catalyst” could be more suitable for these materials since they will be

15

Chapter 2 Literature Review
electrochemically oxidized under that potential, and the surface is no longer the same as the pristine
materials. After all, the surface process is the center of heterogeneous electrocatalysis including HER and
OER.
Therefore, unlike the various choices of HER catalysts, the common OER electrocatalysts are
various types of metal hydroxides, oxides, perovskites, etc. A series of achievements have been made in
order to reduce the required amount of noble metals. Meanwhile, the development of earth-abundant
alternatives also achieved exciting progress. Nevertheless, the sluggish OER process still hinders the
practical application of water electrolyzers.

2.3 The rise of heterostructured electrocatalysts
In the recent years, plenty of catalysts which consist of more than one material show extraordinary
electrochemical performance toward HER and OER. [21, 94-102] For example, Yu’s group reported a robust
and highly active catalyst by in situ grown MoS2 on the surface of CoSe2. This MoS2/CoSe2 catalyst
exhibited excellent electrocatalytic performance for HER in 0.5 M H 2SO4 with a 68 mV overpotential at 10
mA cm–2, a comparable-to-Pt Tafel slope of 36 mV decade–1 and long-lasting activities.[8] Chen and
coworkers synthesized three-dimensional core/shell nanostructure composed of metallic cobalt (Co) core
and amorphous Co3O4 shell, and the Co/Co3O4 catalyst achieved at an overpotential of ∼90 mV in 1 M
KOH.[24] In 2016, Thomas and coworkers reported an IrOx/SrIrO3 catalyst for OER, which showed 270~290
mV of overpotential for 30 hours of continuous testing in an acidic electrolyte. [31]
Owning to its superiorities and versatility, heterostructure engineering has drawn considerable
attention. In the following section, the recent advances for the heterostructured electrocatalysts are reviewed
and discussed.

2.3.1 Heterostructured electrocatalysts for acid HER
Carbonaceous material-supported heterostructures
In 2005, the MoS2 (100) edges were found to bear a resemblance close to the active sites of
hydrogenase enzymes, possessing a ∆G°H of 0.08 eV at 50% hydrogen coverage.[89] Therefore, exposing
more edge sites of MoS2 had been recognized as a valid strategy toward increasing the HER catalytic
activity of MoS2.[103] In 2011, Li et al. prepared a MoS2/RGO hybrid catalyst with MoS2 nanoparticles
grown on RGO sheets.[5] As revealed by the scanning electron microscopy (SEM) image (Figure 2.9.a) and
the transmission electron microscopy (TEM) image (inset in Figure 2.9.a), nano-sized MoS2 particles
disperse evenly on the surface of RGO. The high-resolution TEM (HRTEM) image in Figure 2.9.b show
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MoS2 nanoparticles lay flat on the RGO with highly exposed edges stacked on an RGO sheet. The authors
claimed that the strong chemical and electronic coupling between MoS 2 particles and RGO sheets was the
key to the formation of highly dispersed, few-layered MoS2 on RGO. Meanwhile, the RGO sheets not only
acted as the supporting substrate but also afforded a more rapid electron transport. The substantially
increased active edges and the high electric conductivity of the MoS2/RGO heterostructures jointly
contribute to the superior catalytic activity. Thus, even though RGO is electrochemically inert, a highly
enhanced HER activity was achieved for the MoS2/RGO heterostructures over the freely grown MoS2
particles (Figure 2.9.c). In addition, the Tafel slope of the MoS2/RGO heterostructures (41 mV dec–1) was
the smallest reported among MoS2-based catalysts at that time (Figure 2.9.d). Similarly, mesoporous
graphene foams (MGF) were introduced for growing highly dispersed MoS2 nanoparticles,[91] which served
as nucleation sites and enabled the formation of ultrafine MoS2 nanoparticles with an average size of 2 nm.
Owing to the high specific surface area and interconnected conductive skeleton of MGF, the obtained
MoS2/MGF heterostructures acquired high edge exposure, displaying a large apparent cathodic current
density of 100 mA cm–2 at an overpotential of 200 mV. Additionally, anchoring heterostructures on
macroscopic substrates can further increase the exposure of active sites. For example, Cai et al. deposited
Ni2P nanosheets and graphene sheets on the surface of NF. [104] Benefiting from largely increased active
sites and the accelerated mass transfer, the 3D Ni2P/graphene/NF required merely an overpotential of 75
mV to achieve a current density of 10 mA cm –2.
Constructing heterostructures can also improve the stability of the catalyst, which is vital for the
practical application of water electrolysis facilities. For example, earth-abundant transition metals are
potential substitutes for precious-metal catalysts, but most of them prone to corrosion in acidic media.
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Figure 2.9. (a) SEM and TEM (inset) images of the MoS2/RGO heterostructures. (b) HRTEM image
showing nano-sized MoS2 with highly exposed edges stacking on an RGO sheet. (c) LSV curves and (d)
the corresponding Tafel plots obtained with several catalysts as indicated, electrolyte: 0.5 M H2SO4, catalyst
loading: 0.28 mg cm–2, sweep rate: 2 mV s–1. Reproduced with permission.[5] Copyright 2011, American
Chemical Society. (e) STEM image of FeCo@NCNTs. (f) HRTEM image of FeCo@NCNTs, the inset
shows the (110) crystal plane of the FeCo nanoparticle. (g) LSV curves of various catalysts as indicated,
electrolyte: 0.1 M H2SO4, catalyst loading: 0.28 mg cm–2, sweep rate: 2 mV s–1. (h) Durability measurement
of FeCo@NCNTs: LSV curves recorded initially and after every 2000 CV sweeps between +0.77 and -0.18
V (vs. RHE) at 100 mV s–1. Reproduced with permission.[6] Copyright 2014, The Royal Society of
Chemistry. (i) HRTEM images of CoNi@NC showing the graphene shells and encapsulated metal
nanoparticles, and the schematic illustration of the CoNi@NC structure. (j) The electron densities
redistribution after the CoNi clusters have covered by one to three layers of graphene. The differential
charge density is defined as the difference in the electron density with and without the CoNi cluster. The
red and blue regions are regions of increased and decreased electron density, respectively. Reproduced with
permission.[7] Copyright 2015, Wiley-VCH.
Deng et al. encapsulated Fe, Co, and FeCo alloy into N-doped CNTs (NCNTs), whose morphology
was revealed by STEM and HRTEM images in Figure 2.9.e and f, respectively.[6] The FeCo@NCNTs
heterostructures showed higher HER activities than either single Fe, Co particles in NCNTs or the bare
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NCNTs (Figure 2.9.g). In addition, by increasing the amount of nitrogen in NCNTs, the obtained
FeCo@NCNTs-NH heterostructures exhibit further promoted HER activity with an overpotential of ~280
mV at 10 mA cm–2. The origins of the enhanced HER activity were investigated by DFT calculations, which
proved that the introduction of metal and nitrogen could synergistically modulate the electronic structure
of the CNTs and thus regulate the ∆G°H of CNTs. Moreover, the FeCo@NCNTs heterostructures acquired
extraordinary stability in 0.1 M H2SO4 over 10000 CV cycles due to the protection of the carbon walls to
these metal particles (Figure 2.9.h). Later, few-layered graphene encapsulated transition metals were found
to display similar behavior.[7] As illustrated in Figure 2.9.i, the CoNi alloy particles were encapsulated in
few layered graphene-spheres (CoNi@NC), which granted the CoNi@NC heterostructure long-term
stability in 0.1 M H2SO4. Also, the heterostructures exhibited highly active catalytic performance toward
the HER with an overpotential of 224 mV at 10 mA cm –2. DFT calculations demonstrate that the electron
of a CoNi cluster can penetrate through three graphene layers (Figure 2.9.j), and this electron density
redistribution together with the nitrogen dopants synergistically increase the electron density on the
graphene surface, resulting in a higher proton affinity and the subsequent superior HER activity of the
graphene shells.
Owing to the 2D structure and high conductivity, graphene-based substrates (e.g., graphene, GO,
and RGO) can serve as excellent supports for nanostructured HER catalysts. Hybridization with graphenebased supports has been proved to be extremely effective for a variety of highly active HER catalysts such
as FeP nanoparticles grown on graphene sheets,[105] MoSe2 nanosheets on RGO sheets,[106] 2D WS2 sheets
on RGO,[107] WxMo1-xS2/Graphene,[108] phosphorous-modified WN/RGO,

[109]

vertical-oriented WS2

nanosheets on RGO,[110] N, S co-doped GO sheets decorated with CoP,[111] etc. Meanwhile, other
carbonaceous substrates including CNTs,[112-116] activated carbon,[117-118] are also employed to support
advanced HER catalysts. In these carbonaceous material-supported heterostructures, the carbonaceous
substrates may play a confinement role in the formation of well-dispersed nanostructures and the exposure
of sufficient active sites for the HER. Besides, these highly conductive carbonaceous supports easily afford
fast electron transport, which is pivotal to achieving highly catalytic activity. Moreover, other components
in the heterostructures or the presence of heteroatom dopants may modulate the electronic structure of the
carbonaceous supports, and thus activate their HER activity. As a result, growing active materials on
carbonaceous supports is an effective approach to synthesizing advanced HER catalysts.
TMD/TMD heterostructures
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Recently, earth-abundant TMDs have drawn considerable attention in electrochemical water
splitting, including 2D layered TMDs (e.g. MoS2, MoSe2, WS2, etc.) and cubic pyrite-type or orthorhombic
marcasite-type TMDs (e.g. CoS2, CoSe2, NiS2, FeS2, etc.).[119-124] Owing to the moderate hydrogen binding
energy or the partially filled Eg band, these TMDs materials usually display high intrinsic HER activity.
Interestingly, heterostructures formed by hybridizing different TMDs may exhibit even higher HER
activities than either of the components.
Gao et al. prepared a highly active MoS2/CoSe2 heterostructure by coating the quasi-amorphous
MoS2 on the surface of CoSe2/DETA nanobelts.[8] The TEM image in Figure 2.10.a shows the evenly
distributed MoS2 nanosheets over the surface of DETA nanobelts. These noble-metal-free heterostructures
carry a substantial enhanced HER activity in 0.5 M H 2SO4 over CoSe2 and MoS2, with a low overpotential
of ~75 mV at 10 mA cm–2 (Figure 2.10.b). The small Tafel slope of 36 mV dec –1 is comparable to the
commercial Pt/C catalyst (30 mV dec–1), suggesting a Tafel-step-determined Volmer-Tafel mechanism for
the HER on the surface of the MoS2/CoSe2 heterostructures. DFT calculations based on Volmer-Tafel route
further reveals an activation barrier of 1.13 eV (30.7 kcal mol –1) for the Tafel-step reaction on the
MoS2/CoSe2 heterostructures (Figure 2.10.c), approaching to that on Pt (111) electrode. The chemical
binding between MoS2 and CoSe2 and the substantially increased number of active sites jointly account for
the high intrinsic activity. Moreover, the CoSe2/DETA nanobelts acquire high conductivity and superior
electrocatalytic activity, making CoSe2/DETA nanobelt excellent support for growing TMD nanomaterials.
Therefore, using CoSe2/DETA nanobelt as a substrate, a similar CoS2/CoSe2 heterostructure with welldispersed CoS2 nanoparticles distributed on the surface of CoSe2/DETA was achieved (Figure 2.10.d),[9]
exhibiting substantially improved HER activity (Figure 2.10.e). X-ray photoelectron spectroscopy (XPS)
spectra was employed to investigate the enhancement mechanism. Compared with their counterpart, as
shown in Figure 2.10.f and g, the S 2p and Se 3d spectra of CoS2/CoSe2 heterostructures shift toward lower
and higher binding energy, respectively. Generally, these variations in XPS spectra were interpreted as an
indicator for electron transfer between different components of the heterostructures and/or chemical binding
between different components.[9, 125-126] However, deeper explanations accounting for the relation between
the electron transfer and HER activity enhancement are usually overlooked.
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Figure 2.10. (a) TEM image of MoS2/CoSe2 heterostructures. (b) LSV curves for HER on various
catalysts as indicated, electrolyte: 0.5 M H2SO4, catalyst loading: 0.28 mg cm–2, sweep rate: 2 mV s–1. (c)
Reaction pathway of HER on MoS2/CoSe2 heterostructures based on the Volmer-Tafel route. Blue, orange,
azure, yellow and pink indicate Co, Se, Mo, S and H atoms, respectively. Reproduced with permission. [8]
Copyright 2015, Macmillan Publishers Limited. (d) TEM image of the CoS 2/CoSe2 heterostructures. (e)
LSV curves of various catalysts as indicated, electrolyte: 0.5 M H2SO4, catalyst loading 0.28 mg cm–2,
sweep rate: 5 mV s–1. (f) S 2p and (g) Se 3d XPS spectra of different materials as indicated. Reproduced
with permission.[9] Copyright 2017, The Royal Society of Chemistry. (h) Cross-sectional HRTEM image
of the MoSe2/NiSe heterostructure. (i) Ni 2p XPS spectra of the bare NiSe and the MoSe 2/NiSe
heterostructure. (j) Schematic energy band diagrams of interfacial MoSe 2/NiSe deduced by the UPS data.
(k) Schematic illustration of the MoSe2/NiSe heterostructures and the electron transfer from the NiSe
nanocrystallites to the MoSe2 substrate in the hetero-interface. Reproduced with permission.[10] Copyright
2016, American Chemical Society.
Zhou et al. reported a vertical MoSe2/NiS2 heterostructure and deeply explored the XPS binding
energy shift within the heterostructure.[10] The TEM image in Figure 2.10.h demonstrates the epitaxial
structure with well-defined interfaces along the vertical direction. In the XPS spectra in Figure 2.10.i, the
Mo 3d spectra of the MoSe2/NiSe heterostructures shift toward lower binding energy compared with that
of MoSe2. As usual, an electron transfer from NiSe to MoSe 2 was proposed, which was further verified by
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electron energy loss spectroscopy (EELS) analysis. Moreover, ultraviolet photoelectron spectroscopy (UPS)
spectra were obtained to calculate the valence band (E v) and the work function (φ) of MoSe2 and NiSe,
providing deeper insights into the variations in XPS and EELS of the MoSe 2/NiSe heterostructures. Figure
2.10.j shows the schematic diagram of energy band alignment at the interface between MoSe 2 and NiSe
deduced from the UPS results. The higher Fermi level of NiSe facilitates the electron injection form metallic
NiSe into MoSe2 (Figure 2.10.k), which increases the conductivity of the MoSe2/NiSe heterostructures.
Similar to carbonaceous material-supported heterostructures, these TMD/TMD heterostructures
usually maintain plenty of active sites due to the well-established nanostructures.[8,

127]

Besides, the

synergetic effect and electron transfers between the different TMD components also contribute to the high
HER activity.[10, 126, 128] Moreover, the HER activity of these TMD/TMD heterostructures can be further
promoted by hybridizing with CNT, RGO, and CC, etc, [125, 129-130] which will not only further increase the
number of active sites and the electric conductivity but also enable rapid mass transportation.[131]
Noble-metal-based heterostructures
To date, noble metals such as Pt, Pd and their alloys are still the most active HER catalysts, and the
majority of recent research on investigating electrocatalysts for HER is based on developing an earthabundant alternative to Pt. However, Kemppainen et al. claim that the elemental scarcity of Pt is not so
severe as it is supposed to be.[132] Instead, many earth-abundant catalysts such as cobalt-based and
molybdenum-based catalysts might be even more limited in their large-scale application since much higher
catalyst loading is required to achieve the same current density with that of using Pt. Although the
experimental and theoretical approaches used in Kemppainen et al.’s work are based on
photoelectrochemical devices, the idea could also apply to the electrochemical HER, which provides an
innovative opinion on using noble metals as electrocatalysts. Nevertheless, constructing noble-metal-based
heterostructures could further explore the activity limit of noble metals and make noble-metal-based
catalysts more affordable.
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Figure 2.11. (a) HRTEM image of Pt/DNA molecular self-assemblies. (b) LSV curves of the
Pt/DNA catalyst without binder at the first cycle and after 5000 cycles of accelerated degradation along
with the post-chronoamperometric LSV and the LSV of bare GC, electrolyte: 0.5 M H2SO4, sweep rate:
2mV s–1. (c) HRTEM image of Pt/DNA shows clear lattice fringes assigned to their respective planes in the
Pt NPs after HER and aging studies. Reproduced with permission.[11] Copyright 2016, American Chemical
Society. (d) TEM image of 5.2 wt% Rh-MoS2, the inset shows the size distribution of Rh. (e) LSV curves
of various catalysts as indicated, electrolyte: 0.5 M H 2SO4, catalyst loading: 0.31 mg cm–2, sweep rate: 5
mV s–1. (f) The illustration for the feasible HER mechanism for the 5.2 wt% Rh-MoS2 catalyst. Reproduced
with permission.[12] Copyright 2017, Wiley-VCH. (g) SEM image of Pt/MoS2/CC electrode. Reproduced
with permission.[13] Copyright 2016, Elsevier Ltd. (h) TEM image of epitaxial Pt/MoS2 heterostructure, the
inset is the corresponding FFT patterns showing the epitaxial relationship. Reproduced with permission. [14]
Copyright 2015, Macmillan Publishers Limited. (i) TEM image of Au nanoparticles on WS 2 sheet.
Reproduced with permission.[15] Copyright 2013, American Chemical Society. (j) TEM image of CuS/Au
heterostructures, the inset shows small Au particles on CuS plates. Reproduced with permission. [16]
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Copyright 2016, Springer Nature.

Sengeni et al. anchored ultrafine Pt particles on DNA molecules, [11] with Pt particles uniformly
distributed on the surface of DNA molecules, as demonstrated in Figure 2.11.a. The high conductivity, the
high electrochemical stability, and the excellent adhesion of DNA molecules to GC electrode enable them
as excellent supports for Pt nanoparticle. As a result, the Pt/DNA heterostructures with Pt content as low as
15 μg cm–2, show superior HER activity in 0.5 M H2SO4 than the commercial 10% Pt/C catalyst. Meanwhile,
the GC electrode modified with Pt/DNA heterostructures without binder delivered stable electrocatalytic
performance over 5000 CV cycles (Figure 2.11.b). Moreover, the stability of the Pt/DNA catalyst was
further checked by keeping the electrode in H 2 saturated 0.5 M H2SO4 solution for more than 10 days.
Remarkably, the ultrafine Pt particles still show evident lattice fringe after the aging tests (Figure 2.11.c),
highlighting the durability of the Pt/DNA heterostructure. Similar to Pt, metallic Rh is also an excellent
HER catalyst. Hybridizing metallic Rh with HER active MoS2 nanosheets highly promoted the HER
activity of Rh.[12] Figure 2.11.d displayed that the Rh nanoparticles carry an average particle size of ~6 nm
and dispersed evenly on the surface of MoS2. The mass loading of Rh in the Rh-MoS2 heterostructures is
as low as 5.2 wt%. However, the Rh-MoS2 heterostructures show a HER activity comparable to the 20 wt%
Pt/C electrode (Figure 2.11.e). On the other hand, the 5.2 wt% Rh-MoS2 hybrid catalyst exhibits
extraordinary mass activity of 13.87 A mgmetal–1 at an overpotential of 250 mV, which is four times as large
as that of the commercial 20 wt% Pt/C catalyst. The superior performance was ascribed to the synergetic
effect between Rh and MoS2. As illustrated in Figure 2.11.f, H3O+ are fast captured by the strong H–
adsorbed component Rh to become the adsorbed H atoms, which subsequently migrate to the surface of
quick H2-desorbed MoS2 and finally released as hydrogen gas.
To date, various types of noble-metal-based heterostructures have been reported (Figure 2.11.g~j),
but the most active ones are still based on Pt or Pd, which possess the optimal binding energy to
hydrogen.[13-16, 133-135] The concept here is to make the full use of noble metals and taking advantage of the
synergetic effect between the components. Moreover, due to the superior electrochemical stability of noble
metals and the carefully designed structures, these noble-metal-based heterostructured catalysts are more
likely to show long-term stability.

2.3.2 Heterostructured electrocatalysts for alkaline HER
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Carbonaceous material-supported heterostructures
Not surprisingly, anchoring HER active materials on carbonaceous substrates also works for
synthesizing efficient catalysts for the alkaline HER. By simultaneously depositing Ni nanoparticles and
RGO sheets on NF,[136] the obtained Ni-based catalyst required only 36 mV to achieve a current density of
10 mA cm–2 in 1 M NaOH. The high conductivity of both RGO and NF jointly contribute to fast electron
transport. Meanwhile, the 3D architecture of NF could accelerate the mass transportation and increase the
surface area of the electrode. In addition, the introduction of RGO sheets strengthened the intensity of (111)
crystal planes of Ni, which granted the high intrinsic activity. The carbonaceous supports can also protect
the active material from the alkaline solutions. For instance, carbides usually exhibited poor stability in
neutral or higher pH solutions.[137] However, a carbon-protected bimetallic Co-W carbide catalyst kept
stable at a large current density (> 30 mA cm–2) in 1 M KOH for as long as 18 h.[138] Su et al. encapsulated
Ru and Co bimetallic nanoalloy within N-doped graphene layers (RuCo/NC) through a one-step process by
annealing Ru-doped Prussian blue analogues.[139] The amount of Ru in the catalyst was only 3.5 wt%, yet
the catalyst delivered highly active HER performance in 1 M KOH with an overpotential of 28 and 218mV
at 10 and 100 mA cm–2, respectively. Due to the protection of the graphene layers to the metal nanoalloy,
the RuCo/NC heterostructures kept stable over 10000 CV cycles.
Similar to the cases in acid media, the enhanced alkaline HER activity of these carbonaceous
material-based heterostructures may originate from the high conductivity, fully exposed active sites, as well
as synergetic effects between different components. Therefore, many carbonaceous material-supported
heterostructures are more likely to show high HER activity in both base media as well as acid solutions.[140141]

Although the water dissociation process is the dominating issue for alkaline HER, few reports claim

that the water dissociation step is accelerated in carbonaceous material-supported heterostructures. The
reason might be that carbonaceous materials are usually not favored by water adsorption. DFT calculations
showed that the water adsorption energy is 0.35 eV on MWCNT

[142]

, -0.1 eV on graphite[143], and ~0.1eV

on graphene.[144]
LDH-based heterostructures
As described in previous sections, promoting the water dissociation step is a fruitful approach to
designing advanced catalyst for alkaline HER. Recently, some studies have demonstrated that LDHs such
as Ni(OH)2, Co(OH)2, and NixFey(OH)2 were effective promoters for water dissociation.
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Figure 2.12. (a) STM image (60 ×60 nm2) and CV trace of the Ni(OH)2/Pt-islands/Pt(111) surface.
Clusters of Ni(OH)2 in the STM image appear ellipsoidal with particle sizes between 4 and 12 nm. (b)
Comparison of HER activities with Pt(111) as the substrate, with the incremental HER activity sequence:
the bare Pt(111) (black line), Pt(111)/Ni(OH)2 (blue line), Pt(111)/Ni(OH)2/Pt nanocluster (green line),
Pt(111)/Ni(OH)2/Pt nanocluster/10–3 M Li+ (red line), and Pt(111) in 0.1 M HClO4 (dashed line), electrolyte:
0.1 M KOH, sweep rate: 50 mV s–1. (c) Schematic representation of the HER process on Ni(OH)2/Pt
electrode surface. Reproduced with permission.[17] Copyright 2011, AAAS. (d) Comparison between
activities for the HER, expressed as overpotential required for a 5 mA cm–2 current density, in 0.1 M HClO4
and 0.1 M KOH for both bare metal surfaces and Ni(OH) 2-modified surfaces. Reproduced with
permission.[18] Copyright 2012, Wiley-VCH. (d) TEM image of the Ni(OH)2/MoS2 heterostructure. (f) LSV
curves of various catalysts as indicated ， electrolyte: 1 M KOH, sweep rate ： 2 mV s–1. (g) The
corresponding free energy diagram for HER on the MoS 2 edge and Ni(OH)2/MoS2 interface. The surface
structures of catalysts at different stages are shown in the inset. Reproduced with permission. [19] Copyright
2017, Elsevier Ltd. (h) TEM image of Ni(OH) 2/CoS2 heterostructure, showing Ni(OH)2 layers on the
surface of CoS2 nanowires. Reproduced with permission.[20] Copyright 2017, Royal Society of Chemistry.
(i) SEM image of the Pt/Co(OH)2/CC electrode. (j) TEM image of Pt/Co(OH)2 heterostructure. Reproduced
with permission.[21] Copyright 2017, American Chemical Society. (k) Scheme for synthesis of Pt NWs/SLNi(OH)2. (l) TEM images of Pt NWs/SL-Ni(OH)2. Reproduced with permission.[22] Copyright 2015,
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Springer Nature.

Subbaraman et al. modified Pt electrode with Ni(OH)2 nanoclusters and studied the promotion effect
of Ni(OH)2 on HER activity.[17] Scanning tunneling microscopy (STM) image in Figure 2.12.a shows the
surface morphology of the Ni(OH)2 nanocluster-modified Pt(111)/Pt-islands (ad-islands) electrode. The
presence of Pt-islands increases the active sites and hence promote the HER activity. After the modification
with Ni(OH)2, the Pt(111)/Ni(OH)2 electrode exhibits further enhanced HER activity (Figure 2.12.b). The
authors believed that the water adsorption process was accelerated by the simultaneous interaction of O
atoms with Ni(OH)2 and H atoms with Pt at the boundary between Ni(OH) 2 and Pt domains. Therefore,
with the promoted dissociation of water by Ni(OH)2 nanoclusters, the generated hydrogen intermediates
were subsequently adsorbed on the nearby Pt surfaces and finally recombined into H 2 (Figure 2.12.c).
Moreover, by introducing Li+ in the electrolysis, the generation of the hydrogen intermediates could be
further enhanced due to the destabilization of the HO-H bond, resulting in a higher increase in activity.
Soon later, Danilovic et al. systematically studied the HER performance a variety of Ni(OH) 2-modified
metal electrodes.[18] The result summarized in Figure 2.12.d shows a universal promotion brought by
Ni(OH)2 for nearly all metals including IB group (Group 11) metals (Cu, Ag, Au), the Pt-group (Group 10)
metals (Ru, Ir, Pt), and transition metals (Ni, V, Ti). The promotion was ascribed to a synergy effect between
Ni(OH)2 and metals where Ni(OH)2 facilitate the water dissociation, and the generated hydrogens were
subsequently adsorbed and associated on metal surfaces. In 2017, Yu et al. studied the relationship between
the promoted alkaline HER activity and the structure of Ni(OH)2 by loading α-Ni(OH)2 and β-Ni(OH)2 on
Pt electrode.[145] Both experimental and theoretical results proved that β-Ni(OH)2 was a better promoter for
the alkaline HER on Pt due to the higher water dissociation ability and stronger interactions between βNi(OH)2 and Pt.
In addition to metals, LDHs were found to be able to promote alkaline HER kinetics on various type
of catalysts including TMDs, TMPs, and nitrides. For example, Zhang et al. reported a 3D
Ni(OH)2/MoS2/CC heterostructure that synthesized by growing MoS2 on CC followed by electrodeposition
of Ni(OH)2 species.[19] The nanosized Ni(OH)2 particles are anchored on the surface of MoS2 (Figure 2.12.e).
Substantially, an enhanced HER activity in 1 M KOH with an overpotential of 80 mV at 10 mA cm –2 and
a Tafel slope of 60 mV dec–1 was achieved for Ni(OH)2/MoS2/CC heterostructures (Figure 2.12.f). DFT
calculations revealed small H2O adsorption energy of 0.05 eV for the heterostructures, in sharp contrast
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with 1.17 eV for MoS2. The free energy diagrams of the HER process on the surface of Ni(OH)2, MoS2 and
the heterostructures obtained from DFT calculation are displayed in Figure 2.12.g. The results proved a
large decrease in the free energy of both water dissociation and hydrogen adsorption on the surface of
Ni(OH)2/MoS2 heterostructures. Chen et al. reported a Ni(OH)2/CoS2/CC nanowire array with substantially
enhanced HER activity (Figure 2.12.h).[20] DFT calculations revealed a similar change in the free energy of
the HER on the Ni(OH)2 modified electrode to Ni(OH)2/MoS2/CC heterostructures. Other LDH-based
heterostructures for the alkaline HER include NiCo-LDH/MoS2,[146] Ni(OH)2/1T-MoS2,[147] Ni(OH)2/CuS
core-shell heterostructures,[148], and Ni(OH)2/Ni3N/TM nanoarrays,[149] Ni(OH)2-Fe2P/TM,[150] Ni(OH)2PtO2/TM[151], etc. Also, LDHs can be used as a substrate for growing alkaline HER catalysts. Xing et al.
designed CC supported Co(OH)2 nanosheets array as a 3D substrate for electrodepositing ultrafine Pt
nanoparticles (Figure 2.12.i, j).[21] Yin et al. synthesized ultrathin Pt nanowires (NWs) on single-layered
(SL) Ni(OH)2 (Figure 2.12.k, l).[22] Both of these heterostructures showed superior HER performance over
the commercial Pt/C electrode due to the promoted water dissociation process. These results proved the
ability of LDH in accelerating water adsorption and water dissociation process, which would be effective
in designing advanced alkaline HER catalysts.
TMO-based heterostructures
The superior HER performance of LDH-based heterostructures has demonstrated the efficiency of
regulating water dissociation sites for constructing advanced alkaline HER catalysts. According to several
reports which thoroughly explored the water dissociation behavior on the surfaces of metals and metal
oxides,[152-154] strong interactions between the adsorbed H2O species and oxide surfaces are expected, which
may grant TMOs the ability to promote the water dissociation step in alkaline HER. For example, Gong et
al. reported a nanoscale NiO/Ni-CNT heterostructure with a substantially enhanced alkaline HER activity
due to the promotion of NiO species to the water dissociation step. The NiO/Ni-CNT heterostructure was
synthesized by annealing Ni(OH)2 precursor bonded on CNT sidewalls at 300 °C in an Ar flow.[23] The
HRTEM image in Figure 2.13.a and the corresponding EDX mapping image in Figure 2.13.b clearly reveal
the core-shell structure with a NiO shell over Ni particle core. The obtained NiO/Ni-CNT heterostructure
exhibited superior HER activity over both NiO/CNT and Ni/CNT (Figure 2.13.c), with an overpotential of
~100mV at 10 mA cm–2 in 1 M KOH and a Tafel slope of 82 mV dec–1. The high HER activity was believed
to be originated form the synergetic effect between NiO and Ni species, and the exposed NiO/Ni interfaces
at the discontinuity of the NiO shell were believed to be the synergistically active sites. The activity of the
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pure Ni surface is low in alkaline media because OH– could occupy the sites for H adsorption, resulting in
the inefficient release of bonded OH; while the NiO surface is not active for the HER because of the lack
of H adsorption sites. However, in the NiO/Ni-CNT heterostructure, OH– could preferentially attach to NiO
site at the heterojunction because of the strong electrostatic attraction of Ni 2+ to OH–; meanwhile, H+ can
adsorb at a nearby Ni site. Besides, the presence of CNT could prevent the agglomeration of nanoparticles
as well as ensure a good electric conductivity. Consequently, the introduction of CNT and the synergetic
effect between NiO and Ni endow this NiO/Ni-CNT heterostructure with a substantially enhanced HER
activity in alkaline solution.

Figure 2.13. (a) HRTEM image of the NiO/Ni-CNT heterostructures. (b) The corresponding EDX
mapping image of (a). (c) LSV curves of various catalysts as indicated, electrolyte: 1 M KOH, catalyst
loading: 0.28 mg cm–2, sweep rate 1 mV s–1. Reproduced with permission.[23] Copyright 2015, Springer
Nature. (d) SEM and (e) TEM images of Co/Co 3O4 nanosheets, the inset shows the core-shell structure. (f)
LSV curves of various catalysts as indicated, electrolyte: 1 M KOH, sweep rate: 2 mV s –1. Reproduced with
permission.[24] Copyright 2015, American Chemical Society. (g) HRTEM image of the Ni/CeO 2-CNT
heterostructure. (h) The volcano plot of the experimentally measured exchange current density vs. the DFT
calculated hydrogen binding energy. Reproduced with permission. [25] Copyright 2015, American Chemical
Society. (i) HRTEM image of the CoP-CeO2 nanosheet. (j) LSV curves of various catalysts as indicated,
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electrolyte: 1 M KOH, sweep rate: 2 mV s–1. Reproduced with permission.[26] Copyright 2018, The Royal
Society of Chemistry. (k) SEM image of the MoS 2/NiS/MoO3 heterostructures. (l) LSV curves of various
catalysts as indicated, electrolyte: 1 M KOH, sweep rate: 2 mV s–1. Reproduced with permission.[27]
Copyright 2011, American Chemical Society.

A similar 3D Co/Co3O4 core-shell heterostructure was achieved by reducing in situ grown Co3O4
nanosheets at 200 °C in a hydrogen atmosphere.[24] The SEM image in Figure 2.13.d demonstrates the wellpreserved nanosheet morphology, and the core-shell structure with an amorphous Co3O4 shell over the
metallic Co core can be revealed by the TEM image in Figure 2.13.e. A low overpotential of ~90 mV at 10
mA cm–2 is achieved in 1 M KOH, superior to that of Co3O4 and the bare NF substrate (Figure 2.13.f). The
amorphous Co3O4 shell was believed to facilitate the dissociation of water by promoting the activation of
Lewis basic H2O through Lewis acid-base interaction. Besides, oxygen vacancies also play a significant
role in enhancing the adsorption of water as the oxygen-vacancy-bearing oxide enables a more positive
potential on the surface. Further, the well-constructed 3D structure facilitates the mass transportation and
the high electric conductivity of metallic Co core grants the fast electron transfer process. Weng et al.
reported a Ni/CeO2 heterostructure on the surface of CNTs.[25] The interfaces between Ni and CeO2
nanoparticles are clearly displayed in the TEM image in Figure 2.13.g. As demonstrated by DFT
calculations, the Ni/CeO2 interfaces not only promotes the dissociation of water molecules but also lowers
∆G°H to the same level of Pt (Figure 2.13.h). As a result, the Ni/CeO2-CNT heterostructure showed high
HER activity close to Pt in alkaline solution. Further, a CoP/CeO 2 heterostructure on TM (Figure 2.13.i,
j),[26] a CeO2/Cu3P nanoarray supported on N,[155] were reported with a remarkable HER activity in 1 M
KOH. DFT calculations suggested these heterostructures possessed lower water dissociation free energy
and the more optimal hydrogen adsorption free energy than their components. Other TMOs including MoO 3
(Figure 2.13.k, l),[27] PtO2,[156] TiO2,[157] etc., were also reported towards promoting the alkaline HER
activity. As previously mentioned, TMOs are usually used in acidic media as the conductive core in
core/shell structure and are protected by other HER-active components. In contrast, TMOs can directly
contact with alkaline solutions, either anchoring on the surface of other components or serving as shells or
substrates. The principal objective here is to accelerate the water dissociation process by the incorporation
of TMO species.
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Metal-based heterostructures
Although some transition metals possess moderate ∆G°H, they are not good catalyst candidates for
the HER in acid solutions since most of them suffer from corrosion under acidic media. However, transition
metals are relatively stable in alkaline media, acting as potential alkaline HER catalysts. For example, nickel
is a popular choice for alkaline water electrolysis due to the low cost, high activity, and the excellent
resistance to corrosion in concentrated alkaline solutions.[158-159] After the first report in the early 1900s,
tremendous efforts have been devoted to understanding the catalytic mechanism of Ni.[136, 160-162] In addition
to hybridizing metal nanoparticles with carbonaceous substrates or TMOs, transition metals may also serve
as qualified substrates. Zhang et al. reported an Ag/Ni core-shell heterostructure (Figure 2.14.a) which
showed substantially improved HER activity in 0.1 M KOH over the bare Ni or Ag (Figure 2.14.b).[28] As
the best conductive metal, silver provides super-fast electron transportation pathway in the heterostructure.
However, Ag nanowires were blocked with fewer bimetallic interfaces when too much Ni was added,
resulting in a decreased HER performance. Hence, the synergetic effect between Ni and Ag was crucial for
the enhanced HER activity.

Figure 2.14. (a) TEM image of Ag-Ni nanowires with an atomic ratio of Ag to Ni of 1:1. (b) LSV
curves of various catalysts as indicated, electrolyte: 0.1 M KOH, catalyst loading: 0.12 mg cm –2, sweep
rate: 10 mV s–1. Reproduced with permission.[28] Copyright 2017, The Royal Society of Chemistry. (c) SEM
image of Ni@Ni(OH)2/RGO heterostructure without Pd seed. (d) TEM image Ni@Ni(OH) 2/Pd/RGO, the
inset is the statistical particle size from 356 particles. (e) LSV curves of various catalysts as indicated,
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electrolyte: 1 M KOH, catalyst loading: 0.25 mg cm–2, sweep rate: 5 mV s–1. Reproduced with permission.[29]
Copyright 2017, Elsevier Ltd. (f) TEM image of Pt/RTO heterostructure. Reproduced with permission. [30]
Copyright 2017, permission conveyed through Copyright Clearance Center, Inc.

Deng et al. engineered the catalyst/electrolyte interface by introducing Pd during the formation of
Ni@Ni(OH)2 heterostructure on RGO surface. SEM image in Figure 2.14.c shows that Ni@Ni(OH)2
particles are freely grown on RGO surface with an average diameter of 200 nm. As displayed in the TEM
image of Ni@Ni(OH)2/Pd in Figure 2.14.d, the presence of Pd seeds substantially promotes the grain
refinement and the dispersion of the catalyst, contributing to homogeneous-sized Ni@Ni(OH)2/Pd particles
(~10 nm). Owing to the small particle size and the high dispersion of nanoparticles on RGO surface,
Ni@Ni(OH)2/Pd/RGO heterostructures possess an abundance of edges and interfaces which provide
sufficient HER active sites. Significantly enhanced HER activity over the Ni@Ni(OH)2/RGO without Pd
can be achieved by the Ni@Ni(OH)2/Pd/RGO heterostructures (Figure 2.14.e).
Although Pt exhibits inferior HER performance in alkaline media comparing with acid solutions, it
still maintains a competitive edge due to its high intrinsic activity. On the one hand, Pt could be deposited
on other active materials with modified catalyst/electrolyte interface and hence to promote the HER activity.
For instance, a 3D Ni electrode with a Pt-modified surface showed substantial enhancement in HER
activity.[163] The Pt loading was as low as 0.5 mg cm–2 and 50 μg cm–2 based on the geometric surface area
and the specific surface area, respectively. On the other hand, Pt could also be deposited on non-active
materials to form an even distribution. He et al. deposited Pt particles on the surface of RuO 2-TiO2 (RTO),
as shown in Figure 2.14.f. Due to the confinement effect of the RTO substrate, the Pt particles display an
average particle size of 6 nm. Although the commercial Pt/C catalyst has a smaller particle size (~ 2.5 nm),
the Pt/RTO heterostructure exhibited higher HER activity with an exchange current density of 2.31±0.06
mA cm–2pt in 0.1 M KOH, which is five times that of the 46.5% Pt/C catalyst.[30] The reason for this dramatic
enhancement could be ascribed to the presence of oxygen vacancies in RuO2, which promoted the water
dissociation step and thus largely reduced the activation energy for the HER process. Further, the Pt/RTO
catalyst was employed in a solid-alkaline water electrolyzer. The results showed the Pt/RTO cathode was
more efficient than 46.5% Pt/C for hydrogen production, and a reduction of 100 ~ 200 mV in the
overpotential was observed across the entire current density range when compared with commercial Pt/C.

2.3.3 Heterostructured electrocatalysts for acid OER
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Generally, the OER in acid media is the most challenging reaction due to the harsh working
conditions including corrosive environment and the high working potentials. As a result, most OER
electrocatalysts show deficient activity and durability in acid solutions. Although new insights have been
obtained owing to the development of heterostructured electrocatalysts, the suitable building blocks for acid
OER electrocatalysts are limited. Besides, increasing the durability of acid OER electrocatalysts is as
important as achieving high activity.
To date, the best acid OER electrocatalysts are based on iridium, which is more precious than Pt. In
2016, Seitz et al. developed an IrOx/SrIrO3 heterostructure which consists of epitaxial SrIrO3 thin films
deposited on SrTiO3 substrates using a pulsed laser deposition (PLD) method.[31] This heterostructured
IrOx/SrIrO3 catalyst exhibited a high OER activity in 0.5 M H2SO4, requiring an low overpotential of only
270~290 mV to achieve an anodic current of at 10 mA cm –2. More significantly, this material also showed
extraordinary long-term stability, and the overpotential remained the same within the continuous operating
for 30 hours (Figure 2.15.a). DFT calculations suggested that the activity of SrIrO 3 was improved as Sr
leaches into the electrolyte, and that the formation of sites similar to IrO3 or anatase IrO2 may be responsible
for the experimentally observed activity. Generally, anatase IrO2 is more active, but less table than rutile
IrO2. Owing to the similar crystal structure of anatase IrO2 and SrIrO3, the metastable state anatase IrO2 can
be epitaxially or kinetically stabilized. Therefore, the unique interface arrangement is responsible for the
high activity and long-term stability. In another example, Zhao et al. incorporated Fe 2O3 into TiO2
nanowires supported by Ti foam (Fe-TiOx LNWs/Ti) by ion substitution and followed calcination
process.[32] The SEM, TEM, and HRTEM images are shown in Figure 2.15.b ~ d. The catalyst showed an
onset potential of 1.49 V vs. RHE at 1 mA cm –2 in 0.5 M H2SO4 and a moderate improved stability with
81.3% relative current density at the end of stability test (1.9 V vs. SCE, 20 h), in contrast to 33.3% for
Fe2O3 loaded on Ti foam.
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Figure 2.15. (a) Potential required to reach 10 mA cm –2 for IrOx/SrIrO3 films over 30 hours of
electrochemical testing, measured using cyclic voltammetry (markers) and chronopotentiometric holds
(lines). Reproduced with permission.[31] Copyright 2016, American Association for the Advancement of
Science. (b) SEM, (c) TEM, and (d) HRTEM images of Fe-TiOx LNWs. Reproduced with permission.[32]
Copyright 2017, Elsevier Ltd. (e) HAADF-STEM image of Co3O4@C. (f) The reconstructed mappings
with Co and C. (g) Polarization curves of the Co3O4 and RuO2 on CP catalysts synthesized by different
methods measured in 0.5 M H2SO4, where the current is normalized by the geometrical area of carbon fiber
paper and the potential is after internal resistance correction. Reproduced with permission.[33] Copyright
2016, Elsevier Ltd.
Typically, the weak interface interaction between catalysts and the substrates in acidic solutions is
a big issue for OER electrocatalysts, which causes the falling-off or failure of the catalysts. To achieve a
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stronger catalyst/substrate interaction, Yang et al. prepared Co3O4 nanosheets deposited on carbon paper
(Co3O4/CP) by electroplating of Co-species and followed by a two-step calcination process.[33] To maintain
the surface integrity of the carbon paper, the first calcination step was performed in vacuum, which convert
Co-species to CoO. In the second step, CoO species is sintered in ambient conditions to enable the
transformation of CoO to Co3O4. Meanwhile, as demonstrated in Figure 2.15.e ~ f, a layer of amorphous
carbon in situ formed on top of Co3O4 (Co3O4/C/CP) can prevent the active material from falling off, further
enhancing the OER catalyst stability.
Recently, Qiao’s Group reported the design of heterostructured Ru@IrO x electrocatalysts for acid
OER.[164] Owing to the strong charge redistribution at the interface between the Ru core and the partially
oxidized iridium shell, this heterostructured Ru@IrO x electrocatalyst required an overpotential of 282 mV
at 10 mA cm–2 in 0.05 M H2SO4 (Figure 2.15.g). In the meantime, the formation of IrOx shell is beneficial
for the long-term durability since the Ir species are generally more stable than Ru. [165-166]

2.3.4 Heterostructured electrocatalysts for alkaline OER
TMOH, LDH-based electrocatalysts
Owing to the relative high stability of metal hydroxides and oxides, the available building blocks
for constructing heterostructured electrocatalysts toward alkaline OER are much more than those for acid
OER. Various TMOHs, LDHs, TMOs, and perovskites show intriguing performance toward OER in
alkaline media.
Specifically, NiFe LDH is a typical example of earth-abundant electrocatalyst for OER and is a good
building block for constructing heterostructures. Feng et al. synthesized a sandwiched NiFe nanoparticles/
graphene heterostructures using ultrathin Fe-doped Ni(OH)2 nanosheets as precursors and glucose as a
carbon source.[34] The typical 2D nanosheets morphology is shown in Figure 2.16.a, while the TEM and
HRTEM images of NiFe nanoparticles/ graphene heterostructures are shown in Figure 2.16.b ~ c. The NiFe/
graphene catalyst exhibits superior OER activity in 1 M KOH with an overpotential of ~210 mV (10 mA
cm–2) and Tafel slope of ∼30 mV dec–1. The sandwiched heterostructure provides a conductive support for
active catalysts which not only prevent NiFe nanoparticles from aggregation but also accelerate the electron
transfer process, resulting in active and stable OER activity. Yin et al. reported an interconnected NiFe
LDH and carbon nanodomains catalyst for OER synthesized by solvothermal method in which the organic
ligand decomposed and transformed to amorphous carbon with graphitic nanodomains. [167] Due to the
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confined growth of NiFe-LDH and carbon in one single sheet, the fully integrated amorphous NiFe LDH/C
nanohybrids were achieved with distorted LDH structure, enhanced active surface area, and strong coupling
between the active phase and carbon. As a result, the Ni0.67 Fe0.33/C showed very high OER activity in 1 M
KOH with only 210 mV of overpotential for 10 mA cm–2, which is better than that of commercial Ir/C (280
mV at 10 mA cm–2). Liu et al. prepared in situ vertically grown Ni(OH)2 nanosheets on 3D N, O and S
doped carbon foam (NOSCF) with CeO2 nanoparticles decorated on Ni(OH)2 nanosheets.[168] For one thing,
the strong electrostatic interactions with OH– ions induced by C=O groups in NOSCF can facilitate the
formation of crucial NiOOH intermediates during the OER process; for another, the introduction of CeO 2
nanoparticles will produce more active species of Ni III/IV and thus accelerate the charge transfer for
Ni(OH)2/NOSCF. This CeO2/Ni(OH)2/NOSCF heterostructure exhibited a remarkably improved OER
performance as well as excellent stability. Similar examples are NiFeOOH/ CNT,[169] Ni-Fe nitride/ nitridedoped RGO,[170] etc.
Apart from providing conductive network and stabilizing nanostructured active catalysts, there are
also other benefits that carbon based substrates can afford. For example, Chen et al. demonstrated
electrochemically inert g-C3N4 (GCN) was able to facilitating OER by constructing a superhydrophilic
catalyst surface.[35] The GCN/Ni(OH)2 (GCNN) heterostructure with monodispersed Ni(OH) 2 nanoplates
strongly anchored on GCN showed a superhydrophilic surface with a contact angle of 0 °, in contrast to
that of bare Ni(OH)2 (contact angle 21 °). Similar promotion effect was also observed for Co(OH) 2.
The integration of carbon-based organic catalysts is also a unique strategy to design efficient OER
catalysts. For example, a Nitrogen-doped graphene/single-walled CNT (SWCNT) hybrid material was
fabricated by in situ doping during CVD growth on LDH derived catalysts, which brings well-constructed
3D interconnected network, intrinsic dispersion of graphene and CNTs, as well as the dispersion of Ncontaining functional groups.[171] The N-doped graphene/ SWCNT heterostructure showed an overpotential
of 370 mV at 10 mA cm–2 and a Tafel slope of 83 mV dec–1 in 0.1 M KOH. Tian et al. synthesized a lowcost organic OER catalyst through the integration of ultrathin g-CN nanosheets with graphene by
ultrasonication.[172] A weakened C-N bond and an interaction between g-CN and graphene was suggested
by XPS studies, indicating the pyridinic-N-related active sites. The g-CN/graphene heterostructures showed
a lower overpotential 10 mA cm–2 in 0.1 M KOH than both g-CN nanosheets and graphene.
Yu et al. reported a LDH/ 2D MXene heterostructure with high conductivity and active surface as a
catalyst for OER in alkaline medium.[36] The hierarchical FeNi-LDH/Ti3C2-MXene heterostructures were
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developed by ionic hetero-assembly of LDH on exfoliated MXene nanosheets. The LDH/Ti3C2-MXene
exhibited an overpotential of 298 mV at 10 mA cm–2 and a small Tafel slope of 43 mV dec–1. The
heterostructure showed high structural stability due to the strong interfacial interaction between FeNi-LDH
and Ti3C2 MXene. Prominent charge transfer from LDH to MXene was identified, which accelerates the
redox process of OER.

Figure 2.16. (a) Low-magnification SEM image of Ni(OH)2 nanosheets. (b) TEM and (c) HRTEM
images of untrathin Ni(OH)2 nanosheets, demonstrating the typical 2D nanosheets morphology and crystal
structure. Reproduced with permission.[34] Copyright 2015, American Chemical Society. Contact angle
measurements of (d) Ni(OH)2, (e) Ni(OH)2/GCN, and (f) pure GCN. Reproduced with permission.[35]
Copyright 2017, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. (g) TEM image of pure Ti3C2
MXene. (h) HRTEM image revealing the formation of single crystalline FeNi-LDH nanoplates. (i) a
comparison in onset overpotential and overpotential required to achieve a current density of 10 mA cm–2.
Reproduced with permission.[36] Copyright 2017, Elsevier Ltd.
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Niu et al. developed a highly active Ni(OH) 2 nanoplate array on NiAl foil via a dealloying and in
situ growth route by simply soaking commercial NiAl foil in alkaline solution. [173] The result Ni(OH)2/NiAl
catalyst exhibited high electrocatalytical activity for OER with a small overpotential of 289 mV at 10 mA
cm–2 and excellent durability. In addition, the Ni(OH) 2/NiAl catalyst can also act as a support for
constructing higher active catalyst by electrodepositing other catalysts such as NiMo and NiFe
nanoparticles. In particular, the NiFe/Ni(OH)2/NiAl showed superior OER activity with an overpotential of
246 and 315 mV at 10 and 100 mA cm–2, respectively.

TMO-based heterostructures
Zhuang et al. synthesized monodispersed Au@Co 3O4 core-shell heterostructures with an overall
diameter of 8 nm.[98] The OER current density of Au@Co3O4 heterostructure is 2.84 mA cm–2 at an
overpotential of 350 mV, 7 times as high as the mixture of Au and Co3O4 or Co3O4 alone, and 55 times as
high as Au. Owing to the synergetic effect between the core and shell, the Co3O4 shell has stronger binding
to oxygen and thus exhibits higher OER activity.
Yu’s group synthesized Mn3O4/CoSe2 heterostructure with Mn3O4 nanoparticles anchored on CoSe2
nanobelts via a polyol reduction route.[174] Although Mn3O4 nanoparticles have little OER activity by itself,
the heterostructured Mn3O4/CoSe2 displayed good stability as well as high OER electrocatalytic activity
with small overpotential (∼450 mV) at a current density of 10 mA cm−2 in 0.1 M KOH, better than either
CoSe2 or Mn3O4. Similarly, a CeO2/CoSe2 nanobelt heterostructure demonstrated superior OER
performance with an overpotential of ∼288 mV (10 mA cm−2) and a Tafel slope of 44 mV dec−1 toward
OER in 0.1 M KOH.[100] The improved OER activity was ascribed to the synergetic effect between CoSe 2
substrate and loaded CeO2 nanoparticles. Moreover, the ease in forming and repairing oxygen vacancies at
CeO2 surface increase the mobility of oxygen vacancies on CeO2 surface, further promote the OER
performance.[175] There are also other cases that take advantages of the unique surface property of CeO2.
For instance, FeOOH/CeO2 heterolayered nanotubes (HLNTs) supported on NF showed excellent OER
activities.[99] The FeOOH/CeO2/NF catalyst showed a current density of ~80.2 mA cm−2 at an overpotential
of 300 mV, which is much higher than those of NF, CeO2/NF (~9.1 mA cm−2), and FeOOH/NF (~18.6 mA
cm−2) under the same conditions. Both experimental results and DFT calculations demonstrate strong
electronic interactions between CeO2 and FeOOH which can lower the energy barriers of the intermediates
and thus promote the OER process.
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Yang et al. synthesized Fe3O4-decorated Co9S8 nanoparticles in situ grown on RGO
(Fe3O4/Co9S8/RGO) toward OER with an overpotential of 0.34 V at the current density of 10 mA cm−2 as
well as high stability.[176] It was believed that loading of Fe3O4 on cobalt sulfide induces the formation of
pure phase Co9S8 and the electron transfer from Fe species to Co 9S8 promotes the breaking of the Co–O
bond in the stable configuration, attributing to the excellent catalytical activity. Liu et al. synthesized a Ndoped, onion-like carbon nanorods (ONC) encapsulated Ni/Fe3O4 heterostructure by the pyrolysis of NiFebased coordination polymer, and the resulted Ni/Fe3O4/ONC showed 296 mV of overpotential at 10 mA
cm–2. The synergistic effects between the ONC layers and the encapsulated Ni/Fe3O4 heterostructure result
in high electronic conductivity due to nitrogen doped carbon with appropriate level of defect, and enlarged
electrochemical surface area due to well-defined mesoporous morphology. This Ni/Fe3O4@ONC OER
catalyst highlights great potential of integration of hetero-composites nanocatalysts with hetero-atom doped
nanocarbon support for development of high performance electrocatalysts for renewable energy
applications.
There are also many other earth-abundant heterostructures for alkaline OER such as NiSe/NiOx coreshell heterostructure,[177] CoO/CoSe2 nanobelts,[178] Cu2O/Cu foams,[179] NiO/NiCo2O4/3D nickel
network,[101] superaerophobic Ni2Co1/Ni2Co1Ox,[180], Pd/Co3O4,[181] MnO2/CoP3 nanowires array,[182]
Co3O4−x - Carbon@Fe2−yCoyO3 heterostructured hollow polyhedrons,[183] etc. The superiorities and the
origination of the advanced performance are somewhat similar and will be discussed in the following
section.

2.4 The superiorities of heterostructured electrocatalysts
Generally, good electrocatalysts should possess high activity, desirable selectivity, long-term
durability, and satisfactory economic efficiency. Exploring economic-efficient electrocatalysts, by either
decreasing the mass loading of noble metals or developing earth-abundant alternatives, has been a recent
research hotspot.[184-185] Meanwhile, selectivity and durability are also vital in view of the practical use of
electrocatalysis. The durability of some unstable catalysts can be improved by constructing some welldefined nanostructures.[186] Taking a core-shell structure as an example, the less stable species can be
protected by a layer of stable species which enables a long-lasting activity. Nevertheless, activity is the
most important since the ultimate goal of using a catalyst is to accelerate the chemical reactions and achieve
higher conversion efficiencies. In general, there are two strategies to increase the activity of an
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electrocatalysts: increasing the number of active sites and improving the intrinsic activity of each active
site.[76] Heterostructure engineering have shown intriguing potentials for both increasing the number of
active sites and enhancing the intrinsic activity.
Firstly, constructing heterostructured catalysts is an efficient approach to increasing the number of active
sites. Most of these heterostructured catalysts possess refined nanostructures with substantially exposed
edges, which provide sufficient adsorption sites for the intermediates. [181, 186-187] Secondly, constructing
heterostructures may induced strain at the interface due to lattice mismatch[188-189] and may cause electron
redistribution owing to the different electronegativity, which may create new catalytic active sites and thus
increase the total number of active sites.[190-191] Thirdly, the difference between the electronegativity of the
different components in the heterostructured catalysts may result in electron transfer between different
components, which usually can be revealed by the binding energy shift in XPS spectra. The electron
redistribution will change the electronic structures or the band structures of the components, which is
pivotal to the superior activity of heterostructures as shown by plenty of research results. [10, 109, 192] Fourthly,
in addition to further increasing the number of active sites and enhancing electric conductivity, conductive
substrate-based heterostructures can enable fast mass diffusion, which is vital to reducing overpotential at
high current densities.[114,

193-194]

. Finally, the synergetic effect between the components in the

heterostructures can contribute significantly to the enhanced catalytic kinetics. [8, 20] The superiorities of
heterostructure engineering for developing advanced electrocatalysts toward water splitting is illustrated in
Figure 2.17.

Figure 2.17. The superiorities of heterostructure engineering for developing advanced
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electrocatalysts toward water splitting.

2.5 Conclusions
Electrochemical water electrolysis driven by sustainable energies plays an indispensable role in
making a hydrogen economy become a reality, and developing cost-effective catalysts with high activity
and long-term durability is crucial for realizing economic hydrogen production. In this review, we
summarized the state-of-the-art research progress on heterostructured catalysts for HER in acid and alkaline
media, with focuses on the material design and synthesis strategies, electrochemical performance as well
as the related mechanisms of activity enhancement. In general, the superior HER catalytic performance of
the heterostructured catalysts can be attributed to the increased active sites, the accelerated mass transfer
process, the synergetic effect between the components, and the redistributed electron density, etc.
Looking carefully at the numerous researches on electrochemical water electrolysis, there are still
variations in reporting catalytic performance. The describing protocol should be unified and sufficient
details should be provided when discussing catalytic performance to avoid delivering ambiguous or inexact
information. For example, the non-Faradic current should be subtracted when using 3D porous substrate
backbones, and overpotentials as well as the method for evaluating active sites should be indicated
regarding TOFs.
With regard to the practical use of electrochemical hydrogen production, although many
heterostructured catalysts have shown excellent activity, most synthetic methodologies involved are still
restricted to laboratory level. Developing scalable and facile strategies is therefore one of the top challenges
for the practical application of these heterostructured catalysts. In addition, as has been discussed earlier,
some earth-abundant catalysts might be even more limited than Pt in view of large-scale application due to
the demand for higher catalyst loadings. Future research may focus on how to preserve high catalytic
activities at lower catalyst mass loadings. Meanwhile, the catalyst stability is another crucial aspect. Despite
of the high catalytic activities they may achieve, most heterostructured earth-abundant catalysts degrade
faster that precious metals. Besides, current evaluation approaches commonly overlook the durability under
working condition, and the degradation mechanism is also not clear. Therefore, more efforts should be
devoted to establishing an effective accelerated degradation testing method that can better evaluate the
catalyst stability under the real situation. More importantly, developing in situ high-resolution
characterization methodology is vital for understanding the degradation mechanism and the structure-
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composition-performance relationship, and thus provides insights into designing advanced catalysts.
Overall, we believe that constructing heterostructures is one promising and challenging strategy to design
highly efficient catalysts for electrochemical water splitting, and the rapid development of water electrolysis
will light up the future of hydrogen economy.

Note: Part of this chapter has been published in Advanced Functional Materials. Permission regarding
copyright has been obtained from the publishers. [Guoqiang Zhao, Kun Rui, Shi Xue Dou, Wenping Sun,*
Heterostructures for Hydrogen Evolution Reaction towards Electrochemical Water Splitting: A Review.
Adv. Funct. Mater. 2018, 1803291]
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Experimental procedures
3.1 Overview
The General experimental procedures are illustrated in Figure 3.1. In general, the electrocatalysts
are prepared mainly based on liquid methods, while sintering method might be employed for tuning their
crystallinity or phase structures. After the materials preparation, the material’s constituent, structure, and
element states are evaluated using several modern material characterization methods, aiming to provide
essential information on the atomic and electronic structures of the electrocatalysts. Meanwhile, the
electrocatalytic performance of the electrocatalysts are evaluated. At last, the in-depth mechanism of the
reaction is explored, and the structure-function relationship is proposed and discussed.

Figure 3.1. The flow chat of general experimental procedures

3.2 Chemicals and Materials
The chemicals and materials used in this thesis are listed in Table 3.1. The chemicals are used as
received without further purification. Ultrapure deionized water (DI water, 18 MΩ cm−1) was used through
this thesis work, which is generated using a Milli-Q® systems in ISEM, UOW.
Table 3.1. Chemicals and materials.
Formula/
Chemicals

abbreviation

Purity (%)

Supplier

Ethanol

C2H5OH/ EtOH

96

Chem-Supply Pty. Ltd.

Isopropanol

C3H8O/ IPA

99

Chem-Supply Pty. Ltd.
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Ethylene glycol

C2H6O2/ EG

99.8

Sigma-Aldrich

Sodium borohydride

NaBH4

>96

Sigma-Aldrich

Sodium molybdate

Na2MoO4

98

Sigma-Aldrich

Selenium powder

Se

>99.5

Sigma-Aldrich

Potassium hexachloroiridate(IV)

K2IrCl6

Technical grade

Sigma-Aldrich

Chloroplatinic acid hexahydrate

H2PtCl6 ·6H2O

ACS reagent

Sigma-Aldrich

Cobalt(II) nitrate hexahydrate

Co(NO3)2 ·6H2O

>98.5

Sigma-Aldrich

Nickel(II) nitrate hexahydrate

Ni(NO3)2 ·6H2O

>98.5

Sigma-Aldrich

Nickel (II) chloride hexahydrate

NiCl2 ·6H2O

ReagentPlus®

Sigma-Aldrich

Ammonium molybdate tetrahydrate

(NH4)6Mo7O24 ·4H2O

99.98

Sigma-Aldrich

Hexamethylenetetramine

C6H12N4/ HMTA

≥99.0%

Sigma-Aldrich

Urea

CH4N2O

≥98%

Sigma-Aldrich

Thiourea

CH4N2S

>99

Sigma-Aldrich

Potassium hydroxide

KOH

85

Chem-Supply Pty. Ltd.

Sulfuric acid

H2SO4

98

Sigma-Aldrich

5

Sigma-Aldrich

Nafion® 117 solution

3.3 Materials Preparation
In this doctoral work, the electrocatalysts are mainly prepared via liquid method including
hydrothermal/solvothermal method, reflux method, oil bath method, etc. Typically, liquid methods involve
dispersing reactants in liquid media including water, EtOH, EG, etc., and then the reactions take place in
the solutions. The materials morphology can be tuned by varying the concentration of reactants, type of
solutions, reaction temperature, and reaction time. Owing to their versatility, these liquid syntheses methods
now have been widely used for synthesizing 2D nanomaterials.

3.4 Characterization Techniques
3.4.1 XRD
XRD is a general modern technique for identifying materials crystalline characteristics. Crystals are
consisted of regular arrays of atoms, and X-rays can be scattered when the incident X-rays interact with
these atoms, resulting in a regular array of waves. An intensity plot of the scattered X-rays is recorded as
the angle between X-ray and the crystal is changing. In some specific directions, these scattered waves may
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add constructively, leading to well-defined peaks. The positions where constructive interference occurs are
determined by Bragg's law: 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆, where d is the lattice spacing, θ is the incident angle of X-ray, n
is any integer, and λ is the wavelength of X-ray. By comparing the peak positions with standard database,
the crystal phases of the tested materials will be revealed.
In this doctoral work, the crystalline characteristics of the as-prepared materials were recorded using
a GBC enhanced mini-materials analyzer with CuKα radiation at a scan rate of 2 ° min−1 (Scientific
Equipment LLC, Hampshire, IL, USA, λ = 1.541 Å, 25 mA, 40 kV) in AIIM, UOW.

3.4.2 XPS
XPS is a powerful tool for characterizing the materials surface composition and chemical state. This
technique is based on the photoelectric effect. Typically, a beam of X-rays irradiates the tested materials,
and then the electrons within the materials obtain energy from the X-rays and escape from the surface of
the material. The number of photoelectrons is counted and plotted against the kinetic energy, resulting in
the XPS spectra of the material. XPS can be used to identify the elements with the material and providing
essential information on the chemical state of the elements. XPS is also an indispensable tool for evaluating
the inter-component electronic interaction in heterostructured electrocatalysts. Typically, the electronic
interaction modifies the chemical states of the interface, manifesting as a binding energy shift in XPS
spectra. In this doctoral work, the XPS measurements were performed using a Thermo ESCALAB 250Xi
instrument, and the binding energies were calibrated using the advantageous C 1s signal at 284.8 eV as a
reference.

3.4.3 Raman Spectroscopy
Raman spectroscopy measures the energy of inelastic scattering of photons, that is, Raman scattering.
The incident laser interacts with the vibrations of molecules, leading to the shift of the laser energy photons,
which reveals information on the vibrational modes of the material. Raman spectroscopy is an important
technique for the characterization of 2D materials including graphite, graphene, BN, TMDs, etc. Typically,
a laser with different photon energy is used as the excitation source. In this doctoral work, the Raman
spectroscopy is acquired using a Raman JY HR800 Spectrometer with a 632.8 nm Helium-Neon gas laser
with spatial resolution down to 1 um and spectral resolution down to 0.35 cm –1 at AIIM, UOW.

3.4.4 SEM/TEM
SEM is a microscopy technique for the surface morphology characterization. The incident electrons
interact with samples, and the generated secondary electrons are used for imaging. The samples
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morphologies were characterized by a JEOL JSM-7500FA field-emission scanning electron microscope
(FESEM) at an accelerating voltage of 5 kV in the EMC, UOW.
TEM is another important microscopy technique for morphology characterization, in which an
electron beam transmits through the sample to form an image. The sample should be less than 100 nm thick,
otherwise the electron beam cannot successfully transmit through the material. To date, TEM is an
indispensable technique regarding nanomaterial characterization. Moreover, the interaction between
electron and the sample gives out transmitted electrons, X-rays, scattered electrons, etc. With the help of
several accessories, additional information can be collected and hence be used to get in-depth information
on the atomic and electronic structure.
Before the TEM characterization, the samples are dispersed in EtOH solution, and then a drop of
solution is placed on a holey carbon-coated copper grid and then dried naturally in air. TEM images are
recorded by a JEM-2010 microscopy operating at a working voltage of 200 kV. STEM images are acquired
on a probe-corrected JEOL ARM200F TEM operated at 80 kV equipped with a thermal field emission gun
and an ultrahigh resolution pole-piece. Energy disperse X-ray mappings (EDS) were acquired on FEI Talos
F200X equipped with four symmetrical EDS signal detectors, operated at 200 kV.

3.4.4 XAFS
XAFS is a specific technique for the characterization of materials chemical states as well as the coordinate
environment of selected elements. XAFS is a bulk-sensitive technique which provides averaged
information. Based on the energy range, the XAFS spectra can be divided into XANES and EXAFS.
XANES spectra originate from multiple scatterings of photoelectrons and are sensitive to the coordination
symmetry (e.g., octahedral, tetrahedral coordination) as well as the valence state of the elements. EXAFS
spectra is obtained owing to the interference between the excited and the single-backscattered
photoelectrons, which provide details on coordination number, bond distance, and neighbour species of the
absorbing atoms.
In this work, Ir LIII-edge XAFS were collected at beamline BL14W1 in Shanghai Synchrotron Radiation
Facility (SSRF). The storage ring was operated at energy of 3.5 GeV and at currents about 240 mA. The
white X-ray was monochromatized with a Si (111) double-crystal monochromator and the energy was
calibrated with a Pt foil (11564 eV). Ir standards and prepared samples were pressed and collected in
transmission mode at room temperature.
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3.5 Electrochemical Measurements
3.5.1 Three electrode system setup
In this work, all electrochemical tests data were recorded by a VSP-300 electrochemical workstation
(BioLogic Science Instrument, France). Electrochemical tests were carried out using a rotating disk
electrode (RDE, Pine Research Instrumentation, US) with a three-electrode system. For the HER test, the
electrolyte is bubbled with high purity N2 for 30 min to remove the dissolved oxygen gas so as to avoid the
effect of ORR. A Hg/HgO and an Ag/AgCl electrode are used as the reference electrode based on the pH
of the electrolyte. A graphite rod and a Pt mesh electrode are used as the counter electrode for the HER and
OER, respectively. To prepare catalyst dispersions, 2 mg of catalysts with 16 µL 5% Nafion solution, 100
µL IPA and 384 µL DI water followed by ultrasonication for 2 h. The working electrode was prepared by
dropping 10 µL aliquot of catalyst dispersion on a glassy carbon rotating electrode with a diameter of 5 mm
(effective working area, 0.196 cm–2). The catalyst mass loading on glassy carbon was 0.203 mg cm –2.

3.5.2 Overpotential
Overpotential, the difference between the experimentally observed potential and the
thermodynamically determined potential of an electrochemical reaction,[73] is regarded as one of the most
important values for evaluating a water splitting catalyst since it is the large overpotential that results in the
low energy conversion efficiency of the electrochemical water electrolysis system.[73] Linear sweep
voltammetry (LSV) is commonly performed to obtain the overpotential, and small sweep rates (e.g., 2 mV
s–1, 5 mV s–1) are usually employed to minimize the non-faradic current. The origin of the overpotential
could be the activation of the reaction, the diffusion of charge carriers and the series resistance. To be more
precise, the activation overpotential directly relates to the catalytic activity, whereas the overpotentials
caused by the series resistance and diffusion of charge-carriers mostly stem from the setup of
electrochemical cell and the instrument. Thus, the activation overpotential should be precisely evaluated to
better assess the materials catalytic activity. Using a rotate disk electrode (RDE) system, where the electrode
continuously rotates when recording linear sweep voltammetry (LSV) curves, can efficiently minimize the
diffusion overpotential. Meanwhile, the resistance overpotential can be corrected by IR compensation (eq.
3.1), where I is the current flowing in the circuit and Rs is the series resistance. In this thesis, the reported
potentials are corrected with 95% IR compensation.
𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐸𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 − 95% 𝐼𝑅

(3.1)

Conventionally, the overpotential at a current density of 10 mA cm–2, corresponding to the working
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current density of the most cost-competitive photoelectrochemical water splitting system, is introduced as
a benchmark for evaluating catalyst performance.[195-196] The current density is usually determined with
respect to the geometric area of the electrode, which can also be calculated based on the specific geometric
area of the catalyst, the electrochemical active specific area (ECSA) of the catalyst, or the catalyst mass.

3.5.3 Tafel slope and exchange current density
Tafel slope is the slope of the linear region of a Tafel plot (overpotential vs. log |current density|),
which can be obtained by replotting the corresponding LSV curve. Notably, Tafel slope can provide insights
into the reaction mechanism of HER on the catalyst surface. The theoretical Tafel slope for the Volmer step,
the Heyrovsky step and the Tafel step in HER is 120, 40 and 30 mV dec–1, respectively.[72, 197] For example,
the HER on the surface of the commercial Pt in 0.5 M H2SO4 is close to 30 mV dec–1, indicating that the
reaction proceeds via the Volmer-Tafel process and the rate-determining step (RDS) for the reaction is the
Tafel step. Generally, an extreme coverage of H* (θ ≈ 0 or ≈1) is assumed when using the Tafel slope to
evaluate the RDS of HER. However, the Tafel slope is coverage-dependent in practice. Over-simplified
interpretation of Tafel slope will lead to an inaccurate description of the reaction.[198]
The exchange current density of a reaction is the current density at the equilibrium potential where
the cathodic current equals the anodic current. It can be read out from the intersection of the extrapolated
linear part of Tafel plots and the X-axis. Essentially, exchange current density reflects the intrinsic activity
of charge transfer between electrode and electrolyte, and to catalyze a reaction is to promote the exchange
current density. The exchange current density tends to be larger on the surface of catalysts with higher
catalytic activity. For instance, the exchange current density of HER on the surface of Pt, Ti, and Hg in 0.5
M H2SO4 is about 1, 10–5, 10–9 mA cm–2, respectively, representing the variations in their intrinsic
activity.[199]

3.5.4 Turnover frequency
The turnover frequency (TOF) is the number of the product molecule generated per active site in
unit time (eq. 3.2).[200-201] According to the definition, H2 should be collected to evaluate the number of the
H2 molecules. Assuming the Faradic efficiency of 100%, the theoretical number of H2 can be calculated
from the charge flowing through the circuit based on the Faraday's laws of electrolysis (eq. 3.3), where n is
the amount of substance (mol), I is current (A), z is electron number transferred per molecule, and F is the
Faraday constant (96485 C mol–1). Then a TOF vs. overpotential curve can be achieved (eq. 3.4).

48

Chapter 3 Experimental Procedure
Consequently, calculating TOF largely hinge on determining the number of active sites, which can be
evaluated by various methods including the copper underpotential deposition method, calculating the
number of molecules on the exposed surface,[202-204] or quantifying from CV tests.[112, 205-206] Apparently, to
achieve a reasonable TOF or TOF-overpotential curve depends on how to define and evaluate the number
of active sites. It is noteworthy that the overpotential value should always be indicated when reporting the
TOF values since TOF increases upon increasing overpotentials.
TOF =

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠

n=
TOF =

×

1
𝑈𝑛𝑖𝑡 𝑡𝑖𝑚𝑒

𝐼𝑡

(3.2)
(3.3)

𝑧𝐹
𝐼×𝑁𝐴

𝑧𝐹×𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠

(3.4)

3.5.5 Stability
Stability, or durability, is an important descriptor of a catalyst in view of practical application,
demonstrating the ability to maintain the original activity of a catalyst over a long range of time. The
stability of a catalyst can be evaluated by recording the variation of the overpotential at a certain current
density or recording the change of cathodic current density at an applied overpotential, over a period of
time. It can also be evaluated by continuous cyclic voltammetry (CV) cycling. As LSV curves are usually
recorded before and after the stability test, there will be an evident increase in the overpotential if the
catalyst loses its activity quickly. Although the test duration can be as long as hours to days, current
evaluation approach still could not reflect the real working condition. Besides, the quantitative relationship
between the test results and the stability in practice, if any, is unclear. On the other hand, the stability of the
catalyst relates to the degradation mechanism of materials, the existing research of which is far from enough.
It is thereby vital to establish the catalyst degradation mechanism to provide insights into designing robust
catalyst with long-lasting activity.
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Chapter 4
Epitaxial Ni(OH)2 nanocluster decorated MoS2 for enhanced alkaline
HER
4.1 Introduction
Heterostructures have received extensive attention in recent years due to their potential applications
in a variety of research fields, such as semiconductors, sensors, photoelectric devices, and electrochemical
catalysts.[207-209] The abundant interfaces in heterostructures usually possess unique physicochemical
properties as compared with their single-component counterparts.[111, 210] To date, heterostructures based on
transition metal dichalcogenides (TMDs) are being developed rapidly toward electrochemical water
splitting, especially for hydrogen evolution reaction (HER) in acidic media.[60, 211] On the one hand, 2D
TMDs usually possess high intrinsic activities owing to the moderate binding energy to hydrogen or
partially-filled Eg band.[212-213] On the other hand, constructing heterostructures is helpful for exposing more
active sites,[214-217] modulating the electronic structures at the interfaces,[218] and inducing synergistic effects
between different components.[218-221] Therefore, TMD-based heterostructures usually exhibit greatly
enhanced HER catalytic activity over the bare TMDs catalysts.
Compared with the HER in acid media where protons directly come from the solution, the alkaline
HER is more complicated since protons are provided by splitting water molecules. Consequently, the
reaction kinetics of alkaline HER is severely impeded by the initial water dissociation step, and the overall
reaction kinetics is generally two to three orders of magnitude lower than that in acidic media. [222] Although
TMD-based heterostructures have been successfully demonstrated in acid media, developing advanced
TMD-based heterostructured catalysts toward alkaline HER is still in its infancy. Despite the moderate
hydrogen binding energies that they may possess, most TMDs are usually not favorable for the water
adsorption/ dissociation process.[93, 223] Thus, decorating TMDs with a second phase with an appropriate
water binding energy is an efficient strategy to boost alkaline HER activity.
Recently, it was reported that Ni(OH)2 can promote the alkaline HER activity of various metal
electrodes. The promotion is ascribed to the synergistic effect between Ni(OH)2 and metal catalysts, where
Ni(OH)2 breaks water molecules and the generated hydrogen subsequently adsorbs on metal surfaces. [224227]

Similar activity improvement induced by Ni(OH)2 was also demonstrated in other types of materials.[147,
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228-229]

However, Ni(OH)2 is catalytically inert for HER only works for water adsorption and dissociation.

Thus, the ideal situation is to minimize the content of Ni(OH) 2 in order to achieve the optimal mass-based
activity. In this work, we synthesized Ni(OH)2/MoS2 heterostructures with nanoscale Ni(OH)2 clusters
epitaxially deposited on the surface of MoS2. Although the content of Ni(OH)2 is low, the Ni(OH)2/MoS2
heterostructures still showed significantly enhanced alkaline HER activity as compared with bare MoS 2.
The present results provide new insights into understanding the alkaline HER mechanism of TMD-based
heterostructures and shed light on designing efficient hetero-nanostructures towards electrocatalysis
applications.

4.2 Experimental Section
Synthetic procedures
All chemicals were purchased from Sigma-Aldrich and were used as received without further
purification. Ultrapure deionized water (18 MΩ cm –1) was used in all experiments.
Preparation of MoS2: MoS2 was prepared through a hydrothermal method. In a typical synthetic
procedure, 1.235 g (1 mmol) (NH4)6Mo7O24·4H2O and 1.065 g (14 mmol) CH4N2S were dissolved in 35mL
deionized water (DI-water) under continuous stirring. The obtained solution was transferred to a stainlesssteel autoclave with a 50 mL Teflon liner, and the autoclave was sealed and maintained at 180 °C for 30 h
in an oven. After cooling to room temperature, the precipitates were washed with ethanol (EtOH) and deionized water (DI-water) several times and collected by centrifugation. The obtained powders were dried
at 60 °C in vacuum overnight to get the MoS2 nanosheets.
Preparation of Ni(OH)2/MoS2 heterostructures and bare Ni(OH)2: Typically, 45 mg MoS2
powders were dispersed in 15 mL EtOH and treated with ultrasonication for 3 h. Stoichiometric amounts
of NiCl2 and CH4N2O were dissolved into the suspension together with 5 mL DI-water and 20 mL ethylene
glycol (EG), and then the suspensions were transferred to a three-neck flask. The flask was then heated on
a stirring heater at 96 °C for 2 h under reflux condition and cooled to room temperature naturally. The
precipitates were washed with EtOH and DI-water several times and collected by centrifugation. After
drying at 60 °C in vacuum overnight, the final products were obtained.
The bare Ni(OH)2 was prepared via the same processes as preparing Ni(OH)2/MoS2 heterostructures
except that no MoS2 nanosheets were added.
Materials Characterization
The X-ray diffraction (XRD) patterns were recorded using a GBC enhanced mini-materials analyzer
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X-Ray diffractometer with a CuKα radiation (λ=1.541 Å, 25 mA, 40 kV, 2 °min –1 from 10 °to 70 °). The
materials surface chemical state was detected by X-ray photoelectron spectroscopy (XPS, Phoibos 100
Analyser, SPECS, Germany, AlKα X-rays). Raman spectra were performed using a Raman JY HR800
Spectrometer with a 632.8nm He-Ne gas laser with spectral resolution down to 0.35 cm –1. The samples
morphologies were characterized by a JEOL JSM-7500FA field-emission scanning electron microscope
(FESEM) at an accelerating voltage of 5 kV. High angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) images were acquired on a probe-corrected JEOL ARM200F TEM operated
at 80 kV equipped with a thermal field emission gun and an ultrahigh resolution pole-piece. Energy disperse
X-ray mappings (EDS) were acquired on FEI Talos F200X equipped with four symmetrical EDS signal
detectors, operated at 200 kV.
Electrochemical tests
Electrochemical tests were conducted with a rotating disc electrode (RDE) systems in 1 M KOH
aqueous solution using a standard three-electrode electrochemical cell. A Pt mesh and a Hg/HgO electrode
were employed as the counter and reference electrode, respectively. For preparing working electrodes, 4
mg catalysts were dispersed in 1 mL testing solution containing 32 µL Nafion solution (5 wt%), 768 uL
DI-water, and 200 uL isopropanol by 3 h ultrasonication to form a homogeneous ink. Then 10 μL catalyst
ink (containing 40 μg of catalyst) was loaded onto a GC electrode (mass loading ~ 0.203 mg cm–2) and
dried naturally in the ambient air. Electrochemical experiments were controlled by a WaveDriver 20
potentiostat (Pine Research Instruments, US). Prior to HER tests, the KOH solution was bubbled with highpurity nitrogen for at least 30 min to remove dissolved oxygen. During the measurements, the working
electrode was constantly rotating at 1600 rpm to alleviate diffusion. All potentials reported are referenced
to the reversible hydrogen electrode (RHE), and the ohmic potential drop caused by the solution resistance
has been compensated with 95% iR-correction.
Linear sweep voltammetry (LSV) was performed at 5 mV s–1 from 0 to -0.5 V vs. RHE. The stability
of the catalysts was evaluated by cyclic voltammetry (CV) carried out at a scan rate of 100 mV s –1 for 1000
cycles. Electrochemical impedance spectra (EIS) was measured at various potentials in the frequency range
of 100 kHz~10 mHz at the amplitude voltage of 10 mV.
Calculation of the double-layer capacitance
The materials electrochemically active surface area (ECSA) is evaluated by calculating the doublelayer capacitance (Cdl) of the electrodes. Cyclic voltammetry (CV) was performed in a potential range from
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-50 ~ 50 mV vs. RHE at 40, 80, 120, 160 and 200 mV s –1 to evaluate the capacitive behavior of the
electrodes, then Cdl was calculated based on the charge/discharge current.

4.3 Results and discussion
The Ni(OH)2/MoS2 heterostructures were prepared via a two-step solution-phase method, as
illustrated in Figure 4.1.

Figure 4.1. Illustration scheme for materials synthesizing procedures.

The obtained samples were noted as 0.05NM, 0.2NM, and 0.5NM based on the theoretical Ni/Mo
molar ratio. Taking 0.2NM as an example, the molar ratio of NiCl2 to MoS2 is 0.2:1 during the reflux
process. As shown in Figure 4.2.a, the 0.2NM heterostructure inherits the typically curved nanosheet
morphology of MoS2 (Figure 4.3), which is further revealed by the low-magnification HAADF-STEM
image as shown in Figure 4.2.b.
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Figure 4.2 (a) SEM image of 0.2NM. (b) HAADF-STEM image of 0.2NM. (c) EDS mapping
images of 0.2NM. (d) HAADF-STEM image of 0.2NM, the arrow indicates the direction of the intensity
profile, and the inset is the corresponding FFT patterns. IFFT image of (e) MoS 2 matrix, (f) Ni(OH)2 cluster,
and (g) 0.2NM generated by the selected masked FFT spots. Insets: the selected FFT spots. (h) Intensity
profiles correspond to (d). (i) The surface plot image of (d).
The EDS mapping images illustrate a uniform distribution of Mo, S, Ni and O (Figure 4.2.c),
demonstrating the homogeneous dispersion of Ni(OH)2 species over MoS2 surface. Also, the Ni/Mo atomic
ratio for 0.2NM is calculated to be 8% based on the quantitative EDS analysis. In Figure 4.2.d, the highmagnification HAADF-STEM image of 0.2NM shows a typical lattice fringe with a spacing of 0.27 nm,
which could be ascribed to either MoS2 or Ni(OH)2 since their cell parameters are too close to be
distinguished. However, two sets of FFT spots are shown in the corresponding fast Fourier Transformation
(FFT) pattern in the inset in Figure 4.2.d. Both sets of FFT spots can be indexed to typical hexagonal
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structures along [001] zone axis with slight lattice mismatch (2%) and angular misorientation (9 °). By
applying inversed FFT (IFFT) on the selected FFT spots, two patterns are regenerated and displayed in Fig.
1e and f. Specifically, the lattice fringes of {100} planes in Figure 4.2.e and f are calculated to be 0.272 and
0.267 nm, which can be assigned to the MoS2 substrate and Ni(OH)2 species, respectively. The reassembled
FFT patterns and the corresponding IFFT image are displayed in Figure 4.2.g, which resembles Figure 4.2.d.
The small lattice mismatch and angular misorientation between Ni(OH) 2 and MoS2 demonstrate the
epitaxial relationship between Ni(OH)2 nanoclusters and MoS2, where [100]Ni(OH)2∥[100]MoS2 and
(100)Ni(OH)2∥(100)MoS2. It is also worth noting that such tiny lattice difference between Ni(OH) 2 and MoS2
is actually beyond the resolution of the TEM, and additional evidence has to be employed to locate Ni(OH) 2
clusters. To address this issue, we analyze the intensity of the heterostructure based on the z-contrast of the
HAADF-STEM image,[230-231] where the intensity in the image is proportional to the square of atomic
numbers.[232] Figure 4.2.h is the intensity profile of the path labelled in Figure 4.2.d, and the arrows indicate
the direction of the path. Calculations demonstrate that the intensity ratio of the proposed Ni(OH) 2/MoS2
heterostructure is in good accordance with the theoretical values. The surface plot of the heterostructure is
shown in Figure 4.2.i, further illustrating the Ni(OH)2/MoS2 heterostructure. Based on these analysis, the
Ni(OH)2 species possess a nanoscale cluster morphology with an average size of 2~5 nm.

Figure 4.3. SEM images of pure MoS2 nanosheets.
XRD patterns are shown in Figure 4.4. For MoS2, the broad peaks at 22.7 °and 58.3 °can be indexed
to the (100) and (110) planes of hexagonal MoS2 (JCPDS # 37-1492). The diffraction peaks at 11.4 °, 33.9 °,
and 60.2 °in Ni(OH)2 spectra can be attributed to the (003), (101), and (110) planes of ɑ-phase Ni(OH)2
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(JCPDS # 89-7111). However, the low loading content, poor crystallinity, and the ultra-small size of the
Ni(OH)2 nanoclusters result in low XRD intensity; therefore, the XRD patterns of Ni(OH) 2/MoS2
heterostructures are dominated by MoS2 substrates, and no characteristic diffraction peaks of Ni(OH) 2 is
observed.

Figure 4.4. XRD patterns of Ni(OH)2, MoS2, and Ni(OH)2/MoS2 heterostructures

Figure 4.5 High-resolution XPS spectra of (a) Mo 3d, (b) S 2p, (c) Ni 2p, and (d) O 1s.
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The chemical compositions of the samples were characterized by XPS. For bare MoS2, the two peaks
with binding energies of 228.7 and 231.9 eV in Figure 4.5.a correspond to Mo 3d5/2 and Mo 3d3/2,
respectively; and the two peaks located at 161.6 and 162.7 eV in Figure 4.5.b can be assigned to S 2p3/2 and
S 2p1/2, respectively.[233] In Figure 4.5.c, two major peaks corresponding to Ni 2p3/2 and Ni 2p1/2 are observed
at 855.8 and 873.5 eV, and two satellite peaks at 861.8 and 879.7 eV are found in the spectra of bare
Ni(OH)2.[234] In Figure 4.5.d, the characteristic O 1s peak of Ni(OH)2 is found at 531.1 eV,[235] while the
peak at 532.8 eV in the spectra of MoS2 is originated from the adsorbed O2 on MoS2 surface.[236] For the
Ni(OH)2/MoS2 heterostructures, O 1s peaks derived from both the adsorbed O2 and the Ni(OH)2 species
could be clearly observed and fitted (Figure 4.6), which also confirms the existence of Ni(OH) 2 species.
Moreover, the binding energies of both Mo and S shift negatively in the Ni(OH) 2/MoS2 heterostructures,
while the binding energies of Ni move positively compared with bare Ni(OH)2. Particularly, compared with
bare MoS2, the binding energies of Mo and S decrease about 0.17, 0.19, and 0.30 eV for 0.05NM, 0.2NM,
and 0.5NM, respectively. Meanwhile, XPS results also indicate a Ni/Mo molar ratio of 0.05, 0.05, and 0.13
for 0.05NM, 0.2NM, and 0.5NM, respectively, and the atomic ratio of 0.2NM is in perfect consistency with
the quantitative EDS analysis. Despite of the similar morphology of 0.05NM, 0.2NM, and 0.5NM (Figure
4.7), the larger shift in XPS core-level binding energies also demonstrate higher Ni content for 0.5NM. In
general, this variation in binding energies demonstrates a strong electronic interaction between the
components. In this case, electron transfer from Ni(OH)2 to MoS2 is suggested,[215, 237] which will increase
the electron density and enhance the proton affinity of MoS 2, resulting in higher HER activity.[7] On the
other hand, such electron transfer will lower the energy gap between the highest occupied molecular orbital
(HOMO) of MoS2 and the lowest unoccupied molecular orbital (LUMO) of the absorbed hydrogen and
hence accelerate the charge transfer process.[238-239]

Figure 4.6 TEM images of (a) 0.05NM, (b) 0.2NM, and (c) 0.5NM, showing the similar
morphology.
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Figure 4.7 The fitted XPS spectra of 0.2NM.
The HER performance was evaluated in N2-saturated 1M KOH solution using a standard threeelectrode electrochemical cell. All the presented LSV data were obtained at a scan rate of 5 mV s –1 and
were corrected with 95% iR compensation. Figure 4.8.a shows LSV curves of Ni(OH)2/MoS2
heterostructures, MoS2, Ni(OH)2, commercial 20% Pt/C, and bare GC. Specifically, the LSV curve of
Ni(OH)2 is almost identical to bare GC, and the required overpotential to reach a current density of 10 mA
cm–2 is higher than 600 mV, indicating that Ni(OH)2 is electrochemically inert for alkaline HER. The
commercial 20% Pt/C requires 48 mV to deliver a HER current of 10 mA cm–2. For MoS2, the overpotential
at 10 mA cm–2 is 370 mV in 1M KOH, which is much higher than that in acidic media (Figure 4.8) due to
the sluggish reaction kinetics of water dissociation. [224] After decorating with Ni(OH)2 nanoclusters, the
catalytic activity of MoS2 is substantially improved. As shown in Figure 4.8.b, to reach a current density of
10 mA cm–2, the overpotential is decreased to only 236, 227 and 273 mV for 0.05NM, 0.2NM, and 0.5NM,
respectively. At an overpotential of 300 mV, the current density is only 2.8 mA cm –2 for MoS2, whereas
the value reaches 34.4 mA cm–2 for 0.2NM, which is more than 10 times that of MoS2. It is interesting that
the catalytically inert Ni(OH)2 with such a low content can induce such significant enhancement in alkaline
HER activity, which can be partly ascribed to the nanoscale Ni(OH)2 cluster that helps to achieve a uniform
dispersion. The 0.2NM heterostructure also shows better stability than MoS2 in 1 M KOH as demonstrated
in Figure 4.8.c. The LSV curve of 0.2NM obtained after 1000 CV cycles shows a tiny shift compared with
the initial one. However, for MoS2, the overpotential at 10 mA cm–2 increases by 20 mV after 1000 CV
cycles, which could be caused by the deactivation effect of OH –.[240]
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Figure 4.8 (a) LSV curves of various electrodes as indicated. (b) The overpotential at the current
density of 10 mA cm–2 and the current densities at the overpotential of 0.3 V of various catalysts. (c) LSV
curves of MoS2 and 0.2NM measured before and after 1000 CV cycles. (d) Tafel plots of various catalysts
as indicated. (e) Calculated Cdl for various catalysts. (f) Nyquist plots of MoS2 and 0.2NM, and the
equivalent circuit used for fitting

Figure 4.9 LSV curves of the pure MoS2 in 0.5 M H2SO4 and 1 M KOH.
Tafel slopes are obtained by fitting the Tafel plots in Figure 4.8.d to get a deeper insight into the
catalytic mechanism. A large Tafel slope of 124 mV dec –1 is obtained for MoS2, indicating that the rate
determining step (RDS) is the Volmer step in which water molecules break into protons and hydroxyls
(OH–). However, neither the edges nor basal planes of MoS 2 are favored for the water
adsorption/dissociation.[93] As a result, the sluggish water dissociation process significantly hindered the
alkaline HER activity of MoS2. Compared with MoS2, the Tafel slope of 0.2NM decreased to 105 mV dec–
1

, indicating an accelerated water dissociation process. Moreover, the HER inertness of Ni(OH)2 is probably
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due to the lack of adsorption sites for hydrogen. Figure 4.8.e shows the double-layer capacitance (Cdl) of
catalysts deduced form CV curves at various sweep rates (Figure 4.10), which is commonly used as a
descriptor for the ECSA. The extremely small Cdl (1.44×10–4 mF cm–2) of Ni(OH)2 indicates a negligible
hydrogen adsorption capability, whereas the large Cdl (18.7 mF cm–2) of MoS2 demonstrates its superior
capability for hydrogen adsorption. Both 0.05NM and 0.2NM exhibit similar ECSA to MoS2, but the ECSA
decreases significantly for 0.5NM due to excessive coverage of catalytically inert Ni(OH)2. Notably, 0.5NM
delivers better HER performance than MoS2 despite the lower ECSA, suggesting that the catalytic activity
is synergistically determined by the active sites for water adsorption/dissociation and hydrogen adsorption.
EIS were measured to further explore the different electrochemical behavior induced by inert Ni(OH) 2.
Figure 4.8.f shows the Nyquist plots of 0.2NM and MoS2 at -200 mV vs. RHE. Both spectra consist of a
semicircle at high frequency which represents the hydrogen adsorption behavior and a semicircle at low
frequency that is associated with the charge transfer process. [241] The spectra are fitted with an equivalent
circuit shown in Figure 4.8.f. Compared with MoS2, 0.2NM exhibits a primarily decreased charge transfer
resistance (Rct), demonstrating an accelerated faster charge transfer process after the incorporation of
Ni(OH)2.
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(e)

Figure 4.10 CV curves of (a) MoS2, (b) 0.05NM, (c) 0.2NM, (d) 0.5NM, and (e) Ni(OH) 2 at various
scan rates
The TOF was calculated to investigate the intrinsic activity of the catalysts. The number of surface
Mo atoms was employed as the number of active sites.[242] The TOF versus overpotential plots are obtained
by reforming LSV curves, as shown in Figure 4.11.a. Compared with MoS2, the 0.2NM heterostructure
shows much higher TOF values and the required overpotential to reach the same TOF decreased nearly 150
mV. At an overpotential of 300 mV, the TOF of MoS2 is only 6 s–1, whereas the TOF of 0.2 NM increases
to 84 s–1, more than 10 times higher than that of MoS 2. The large TOF values demonstrate high intrinsic
activity of Ni(OH)2/MoS2 heterostructures, which is comparable to the most advanced noble-metal-free
catalysts in alkaline media as listed in Table 4.1. It should be mentioned that the catalysts grown on
macroscopic substrates (e.g. nickel foam, carbon cloth, etc.) generally exhibit much higher activity than the
catalysts deposited on GC electrode, and the most important reason is perhaps the much higher catalyst
mass loading rather than intrinsic activity.[211]
Table 4.1. HER activities of reported electrocatalysts in alkaline media

Catalysts

Electrolyte

Overpotential

Tafel

Mass

(@10 mA cm–1)

slope

loading
0.204

Substrate

Reference

Ni(OH)2/MoS2

1M KOH

GC

227

105

Commercial 20% Pt/C

1MKOH

GC

43

45

Commercial 20% Pt/C

1MKOH

NF

40

75

2.8

[244]

CoSe2/MoSe2

1MKOH

GC

218

76

0.204

[245]

NiS2 nanocrystal

1MKOH

GC

540

139

CoNi2S4

1MKOH

GC

~270

85

Ni3S2

1MKOH

GC

335

97

MoSe2

0.5M KOH

GC

310

93
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[243]

[246]

0.213

[247]

[248]

1

[249]
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Mo0.75W0.25S2

0.5 M KOH

GC

264

84

1

[249]

NiMo3S4

0.1M KOH

GC

257

98

0.3

[250]

CoNi2S4

1MKOH

GC

~270

85

0.213

[247]

1M KOH

NF

117

66

6.48

[96]

MoS2/NiS/MoO3

1M KOH

Ti Foil

91

55

[27]

Ni-P/MoSx

1M KOH

FTO

140

64

[251]

MoS2/NiCo-LDH

1M KOH

CFP

78

77

[146]

Ni(OH)2/Fe2P

1M KOH

Ti Mesh

76

105

[150]

Pt/Ni(OH)2

1M KOH

CC

~150

MoS2

1M KOH

CC

212

96

[252]

MoS2@Ni(OH)2

1M KOH

CC

80

60

[252]

Ni doped MoS2

1M KOH

CC

98

60

[123]

Co-MoS2

1M KOH

CC

203

158

[123]

3D MoSe2@Ni0.85Se
Nanowire

[22]

GC: glassy carbon; CC: carbon cloth; NF: nickel foam; FTO: fluorine-doped tin oxide; CFP: carbon fiber paper

Figure 4.11 (a) TOF vs. potential plots for various catalyst. LSV curves of (b) MoS 2 and (c) 0.2NM
at various temperatures. (d) The Arrhenius-type semi-logarithmic plot of current density on inverse
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temperature.
To obtain deeper insights into the enhanced intrinsic activity, LSV curves were obtained at a
temperature range from 298 K to 330 K as shown in Figure 4.11.b and c. Both the bare MoS2 and 0.2NM
show enhanced catalytic activity at higher temperatures. The exchange current densities of the HER were
calculated based on the corresponding Tafel slopes, and the obtained exchange current densities are plotted
in a semi-logarithmic coordinate with the reciprocal of temperature as shown in Figure 4.11.d. Based on
the Arrhenius law, the apparent activation energy is calculated to be 56.9 kJ mol–1 (0.59 eV) for MoS2,
which is close to those previously reported results. [253-254] For 0.2NM heterostructure, the apparent
activation energy decreases to 23 kJ mol–1 (0.24 eV). Clearly, a decreased apparent activation energy means
a low energy barrier and hence an easier reaction process.
The overall reaction process can be illustrated in Figure 4.12. Due to the presence of the Ni(OH)2
nanoclusters, the water dissociation process is substantially promoted, and the generated hydrogen can
subsequently adsorb on the exposed MoS2 surface; meanwhile, the Ni(OH)2 nanoclusters also accelerate
the Heyrovsky step of the HER, in which process the generated hydrogen atom combined with an adsorbed
hydrogen atom to form a hydrogen molecule. This synergistic effect between Ni(OH) 2 and MoS2 endows
the enhanced HER performance of the Ni(OH) 2/MoS2 heterostructures in alkaline media.

Figure 4.12 Illustration of the HER mechanism on Ni(OH)2/MoS2 surface in alkaline media,
showing the synergistic effect between Ni(OH)2 and MoS2.

4.4 Conclusions
In summary, we synthesized Ni(OH)2/MoS2 heterostructures with Ni(OH)2 nanoclusters epitaxially
grown on the surface of MoS2 towards enhanced alkaline HER. Detailed analyses reveal the epitaxial
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relationship

between

Ni(OH)2

nanoclusters

and

MoS2,

where

[100]Ni(OH)2∥[100]MoS2

and

(100)Ni(OH)2∥(100)MoS2. Although Ni(OH)2 is electrochemically inert for HER, the alkaline HER activity of
MoS2 is substantially promoted by a low content of Ni(OH) 2. As compared with MoS2, the required
overpotential to reach a current density of 10 mA cm–2 is decreased by nearly 150 mV for the optimized
heterostructure, and the TOF at an overpotential of 300 mV is increased by more than 10 times. The
incorporation of Ni(OH)2 nanoclusters can not only promote the water adsorption/dissociation process but
also modulate the electronic structure of MoS2, and eventually the synergistic effect between MoS2 and
Ni(OH)2 induces substantially enhanced alkaline HER kinetics. The results represent an effective strategy
for preparing heterostructures with nanoscale second phases and would open a new avenue into designing
efficient hetero-nanostructures towards energy applications.

Note: The content of this chapter has been published in Nanoscale. Permission regarding copyright has
been obtained from the publishers. [Guoqiang Zhao, Yue Lin,* Kun Rui, Qian Zhou, Yaping Chen, Shi Xue
Dou, Wenping Sun,* Epitaxial Growth of Ni(OH) 2 Nanoclusters on MoS2 Nanosheets for Enhanced
Alkaline Hydrogen Evolution Reaction. Nanoscale, 2018, 10(40): 19074-19081.]
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Chapter 5
CoSe2/MoSe2 heterostructures towards Enhanced Alkaline HER
5.1 Introduction
The exploration and utilization of hydrogen gas (H2) have drawn extensive attention in recent years
because H2, with the highest gravimetric energy density of all chemical fuels (142 MJ kg–1), is believed to
be one of the most promising future energy carriers in view of environment protection and energy
storage.[255] In particular, the underutilized renewable energy (e.g., solar energy, wind energy) could be
efficiently converted into higher valuable H2 by electrochemical water splitting (water electrolysis) with
the help of appropriate catalysts,[256-258] which also ensures the widespread use of the renewable energy.
However, the most efficient catalysts for water splitting at present are still precious metal-based materials,
such as Pt, Pd, Ir, and Ru, and their large-scale application is seriously hindered by elemental scarcity and
unaffordable high cost.[259-261] To date, it is still a great challenge to develop low-cost, stable, and effective
catalysts for electrochemical water splitting. Tremendous progress has been made in developing costeffective and earth-abundant catalysts with appealing catalytic performance in the past several years,
especially for hydrogen evolution reaction (HER), the cathodic part of the overall water splitting process. [64]
Transition metal dichalcogenides (TMDs),[262-263] transition metal phosphides and carbides,[264-266] and
carbonaceous materials have recently been extensively studied as HER catalyst alternatives,[267] and several
materials showed very impressive catalytic activity.[268-269]
As a typical type of TMDs, 2D MoS2 has been extensively investigated as an efficient HER catalyst
due to the moderate adsorption energy of hydrogen on MoS2 edges.[89, 270-271] MoSe2, an analogue of MoS2,
shows even better HER performance than MoS2 because of its higher electric conductivity as well as
moderate adsorption energy of hydrogen. [272-273] To make full use of the catalytic potential of these 2D
TMDs, various modification approaches have been developed, including nanostructure designing, [62, 274]
heteroatom doping,[275-276] and defect engineering.[202,

277]

Constructing well-defined heterostructures is

turned out to be an effective nanostructure designing approach among all these strategies, which can
modulate the physicochemical properties in particular electronic structure of the active materials and
promote the HER activity by the “so-called” synergistic effect.[157, 278] In spite of these eye-catching progress,
it is worth noting that the HER catalytic activity in alkaline solutions is usually two to three orders of
magnitude lower than that in acids due to two distinct reaction routes in different solutions.[279-280] The most
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important reason is that hydrogen atoms directly come from H 3O+ in acids, whereas they originate from
water molecules for alkaline HER, which requires additional energy for accomplishing the water
dissociation process.[151, 281] In addition, many HER catalysts, especially their basal planes, including MoS 2,
Co2P are not favorable for water adsorption due to the lack of specific adsorption sites.[93, 268] Moreover,
hydroxyl ions (OH–) in alkaline solutions also tend to adsorb on the catalyst surface, which is a competitive
process as compared to water adsorption, and this will definitely slow down the overall HER kinetics.[240,
282]

Therefore, developing catalysts with good water adsorption/dissociation capability and high efficiency

of adsorption and combination of H* is vital to achieving competitive HER catalytic activity in alkaline
solutions.
Recently, cubic-phase CoSe2 (c-CoSe2) was reported to deliver very appealing catalytic activity for
HER in alkaline solution. And, it was found that, in addition to high electric conductivity and faster
efficiency of converting H* into H2, the superior activity of c-CoSe2 is closely associated with its
competitive water adsorption capability.[283] In this work, we designed and synthesized CoSe2/MoSe2
heterostructures by decorating c-CoSe2 quantum dots on MoSe2 nanosheets towards enhanced alkaline HER
catalytic performance. Benefiting from the unique water adsorption capability of c-CoSe2, high efficiency
of converting H* into H2 of MoSe2, and the strong chemical bonding between the two compounds, the
CoSe2/MoSe2 heterostructures exhibited substantially enhanced HER kinetics over MoSe2 in alkaline media.
In particular, the CoSe2 quantum dots with a high density of edge sites provide sufficient active sites for
water adsorption and dissociation, and hence continuously provide H* for the subsequent hydrogen
generation. To the best of our known, this is also the first TMD/TMD heterostructure reported for alkaline
HER with exceptional catalytic performance. Our work provides an effective strategy for designing active
catalysts for alkaline HER and is of great importance to the further development of hydrogen production
by alkaline water electrolysis

5.2 Experimental Section
Synthetic procedures
All chemicals were purchased from Sigma-Aldrich and were used as received without further
purification. Ultrapure deionized water (18 MΩ cm –1) was used in all experiments.
Preparation of MoSe2 and CoSe2 nanosheets. MoSe2 nanosheets were prepared via a hydrothermal
method followed by annealing in an argon atmosphere. In a typical synthesis procedure, 0.2 g NaBH4, 1
mmol Na2MoO4, and 2 mmol Se powder were dissolved in 35 mL DI-water under continuous stirring. The
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obtained suspensions were then transferred to a 50 mL Teflon-lined stainless-steel autoclave. After that, the
autoclave was sealed and kept at 180 °C for 24 h in oven and then cooled down to room temperature
naturally. The precipitates were collected by centrifugation and washed with ethanol and DI-water several
times. After drying at 60 °C in vacuum overnight and subsequent annealing at 300 °C in an argon
atmosphere, MoSe2 nanosheets were obtained. Cubic CoSe2 nanosheets were prepared via the same
procedure except that 1 mmol Co(NO3)2·6H2O were added instead of Na2MoO4. Orthorhombic CoSe2 was
obtained by sintering cubic CoSe2 nanosheets at 300 °C in an argon atmosphere for 2 h.
Preparation of CoSe2/MoSe2 heterostructures. Typically, 64 mg MoSe2 nanosheets were
dispersed in EtOH and treated with ultrasonication for 3 h. The stoichiometric amounts of Co(NO 3)2·6H2O
and urea (CH4N2O) were dissolved in the suspension under magnetic stirring together with 5 mL DI-water
and 20 mL ethylene glycol (EG). The suspensions were then transferred to a three neck flask, followed by
heating at 96 °C for 2 h under reflux conditions with continuous magnetic stirring and argon protection.
After cooling down to room temperature, the precipitates were collected by centrifugation, washed with
EtOH and DI-water several times, and dried at 60 °C in vacuum overnight. Eventually, the CoSe 2/MoSe2
heterostructures were obtained by further sintering at 300 °C in an argon atmosphere for 2 h.
Preparation of 0.2o-CoSe2/MoSe2 heterostructures. Co(OH)2 was prepared via the same refluxing
procedure as CoSe2/MoSe2 heterostructures except that no MoSe2 nanosheet suspensions were added. Then
the separately prepared Co(OH)2 and MoSe2 nanosheets were thoroughly mixed with a Co/Mo atomic ratio
of 0.2. The mixture was then sintered at 300 °C in argon for 2 h.
Materials Characterization. XRD patterns were recorded on a GBC enhanced mini-materials
analyser (GBC eMMA) X-Ray diffractometer with a Cu Kα radiation (λ=1.541 Å, 25 mA, 40 kV, 1 °min–
1

from 10 °to 60 °). Raman spectra were obtained using a Raman JY HR800 Spectrometer with a 632.8 nm

Helium-Neon gas laser with spatial resolution down to 1 um and spectral resolution down to 0.35 cm –1. The
surface chemical state was detected by X-ray photoelectron spectroscopy (XPS, Phoibos 100 Analyser,
SPECS, Germany, Al Kα X-rays). Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images were taken with a JEOL 2010 microscope at the accelerating voltage of 200 kV.
Electrochemical test. Electrochemical tests in alkaline solution were conducted with a rotate disc
electrode (RDE) system in 1 M KOH aqueous solution using a standard three-electrode electrochemical
cell with Pt foil and Hg/HgO (1 M KOH) as the counter and the reference electrode, respectively. An
Ag/AgCl electrode was used as the reference electrode in acid solution (0.5 M H 2SO4). For the preparation
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of working electrodes, 4 mg of catalysts were dispersed in 32 µL 5 wt% Nafion solution, 768 uL DI-water
and 200 uL isopropanol by 3 h ultrasonication to form a homogeneous ink. Then 10 μL of the catalyst ink
(containing 40 μg of catalyst) was loaded onto a glassy carbon (GC) electrode of 5 mm in diameter (loading
~ 0.204 mg cm–2) and dried naturally in the ambient air.
Electrochemical experiments were operated on a BioLogic VSP 300 electrochemical workstation.
Prior to HER tests, the test solution was bubbled with high-purity nitrogen for at least 30 min to remove
any dissolved oxygen. During the measurements, the working electrode was constantly rotated at 1600 rpm
to alleviate the effect of diffusion. All potentials reported are referenced to the reversible hydrogen electrode
(RHE), and the ohmic potential drop caused by the solution resistance has been corrected with 95% iRcompensation. Linear sweep voltammetry (LSV) was performed at 5 mV s –1 from 0 V to -0.5 V vs. RHE.
The accelerated degradation test was performed by sweeping the potential in a range of -400 mV ~ 0 mV
vs. RHE at a sweep rate of 100 mV s–1. Electrochemical impedance spectra (EIS) was measured at various
potentials in the frequency range of 100 kHz~100 mHz at the amplitude of the sinusoidal voltage of 10 mV,
and the results were fitted with ZSimpWin software.

5.3 Results and discussion
The synthesis of CoSe2/MoSe2 heterostructures involves a liquid-phase growth via a facile refluxing
process and the following annealing in argon, as illustrated in Figure 5.1.

Figure 5.1. Illustration scheme for materials synthesizing procedures

Firstly, Co(OH)2 was chemically deposited onto MoSe2 nanosheets via the refluxing process at
various atomic ratios of Co to Mo (Co:Mo=0.2, 0.5, and 1.0); taking Co:Mo=0.2 as an example, the
formation of 0.2Co(OH)2/MoSe2 can be evidenced by the XRD results (Figure 5.2). Then, the
Co(OH)2/MoSe2 composite was annealed at 300 °C for 2 h in argon, during which period Co(OH) 2 in situ
converted into CoSe2, resulting in the formation of CoSe2/MoSe2. The heterostructures are abbreviated as
0.2CoSe2/MoSe2, 0.5CoSe2/MoSe2, and 1.0CoSe2/MoSe2 based on the Co/Mo ratio. Figure 5.2.b showed
the XRD patterns of the CoSe2/MoSe2 heterostructures. The diffraction peaks at 34.2 °, 46.5 °, and 51.7 °

68

Chapter 5 CoSe2/MoSe2 Heterostructures towards Enhanced Alkaline HER
can be assigned to the (210), (221), and (311) crystal planes of c-CoSe2 (JCPDS # 89-2002), respectively,[284]
while the peaks at 31.7 °and 56.4 °correspond to the (101) and (110) phases of hexagonal MoSe 2 (JCPDS
# 72-1420), respectively.[285]

Figure 5.2. (a) XRD patterns of the pristine MoSe2, Co(OH)2, and 0.2Co(OH)2/MoSe2, confirming
the deposition of Co(OH)2 on MoSe2 surface. (b) XRD patterns of the pristine MoSe2, CoSe2,
0.2CoSe2/MoSe2, 0.5CoSe2/MoSe2, and 1.0CoSe2/MoSe2 heterostructures. (c) XRD patterns of the pristine
MoSe2 and the 0.2o-CoSe2/MoSe2. (d) XRD patterns of c-CoSe2 and o-CoSe2 obtained by sintering c-CoSe2
in argon at 300 °C

To further verify the chemical reaction of Co(OH) 2 and MoSe2, separately prepared Co(OH)2 and
MoSe2 nanosheets were mixed homogeneously at an atom ratio of Co: Mo=0.2, and then were annealed
under the same condition. In this case, orthorhombic CoSe 2 (o-CoSe2, JCPDS 89-2003) is obtained rather
than c-CoSe2, as shown in Figure 5.2.c. Also, the as-prepared c-CoSe2 nanosheets transform to o-CoSe2
after being sintered at 300 °C in argon for 2 h (Figure 5.2.d), which indicates the formation of o-CoSe2 is
more favored at high temperature rather than c-CoSe2. Therefore, the formation of c-CoSe2 obtained by
sintering the in situ grown Co(OH)2/MoSe2 heterostructures highlights the confinement effect of the
hexagonal MoSe2 substrate.
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Figure 5.3. (a) TEM image of 0.2CoSe2/MoSe2 heterostructures. (b) HRTEM image of
0.2CoSe2/MoSe2 heterostructures. (c) the corresponding FFT pattern of (b). (d) HRTEM image of 0.5
CoSe2/MoSe2 heterostructures, showing the epitaxial structure. (e) the corresponding FFT pattern of (d).
Figure 5.3.a shows the typical TEM image of 0.2CoSe2/MoSe2 heterostructures. The
heterostructures keep the similar flexible and curved nanosheet morphology to that of MoSe2 (Figure 5.4).
C-CoSe2 also possess nanosheets morphology as shown in Figure 5.4.b. The formation of CoSe2/MoSe2
heterostructure with CoSe2 quantum dots anchored on MoSe2 nanosheets can be well proved by the
HRTEM image (Figure 5.3.b) and the corresponding fast Fourier transformation (FFT) image (Figure
5.3.c).[286] The lattice spacing of 0.26 and 0.34 nm can be assigned to the (210) and (111) crystal plane of
c-CoSe2, respectively, while the lattice spacing of 0.65 nm corresponds to the (002) crystal planes of MoSe2.
For the samples obtained by annealing the mixture of Co(OH) 2 and MoSe2, similar morphology was
achieved, and the lattice fringes corresponding to o-CoSe2 and MoSe2 can be indexed, as shown in Figure
5.4.c-d.
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Figure 5.4. TEM images of (a) the pristine MoSe2, and (b) the pristine CoSe2. (c) 0.2o-CoSe2/MoSe2
obtained by sintering separately prepared Co(OH) 2 and MoSe2. (d) the corresponding FFT patterns of (c)

Interestingly, an epitaxial CoSe2/MoSe2 heterostructure is clearly revealed by the HRTEM image of
0.5CoSe2/MoSe2, as shown in Figure 5.3.c. The observed lattice fringes with a spacing of 0.41 nm and 0.59
nm can be attributed to the (011) and (100) crystal planes of c-CoSe2, respectively. In the bottom part of
Figure 5.3.c, the lattice spacing of 0.65 nm and 0.29 nm can be assigned to the (002) and (100) planes of
MoSe2. The (102) planes of MoSe2, 66 degrees to (002) planes, have a lattice spacing of 0.28 nm, which is
approximately half the lattice spacing of (100) planes of c-CoSe2. Therefore, it is reasonable to conclude
that the epitaxial heterostructures of CoSe2/MoSe2 are present with the (100) plane of CoSe2 in parallel with
the (102) plane of MoSe2. Figure 5.3.e shows the FFT pattern of the epitaxial heterostructures, in which the
cubic structure of CoSe2 with a zone axis of [011̅] is evidently indexed. In addition, the pair of reciprocal
dots at 0.29 nm could be assigned to the (200) planes of CoSe 2 and (102) planes of MoSe2, confirming the
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epitaxial relation between CoSe2 and MoSe2. The zone axis of MoSe2 is determined to be [010]. Based on
the HRTEM and corresponding FFT analysis, the epitaxial relationship between CoSe 2 and MoSe2 is
defined as (100)CoSe2 // (102)MoSe2 or [011̅]CoSe2 // [010]MoSe2. To the best of our knowledge, this is the first
observation of such epitaxial CoSe2/MoSe2 heterostructures.

Figure 5.5. (a) Raman spectra of MoSe2, CoSe2, 0.2CoSe2/MoSe2, 0.5CoSe2/MoSe2, and
1.0CoSe2/MoSe2 heterostructures. (b) Co 2p XPS spectra of 0.2 CoSe2/MoSe2 heterostructures. (c) Mo 3d,
and (d) Se 3d XPS spectra of 0.2 CoSe2/MoSe2 heterostructures and MoSe2.
The Raman spectra of the CoSe2/MoSe2 heterostructures show the characteristic Raman bands of
both MoSe2 and CoSe2, as shown in Figure 5.5.a. The Raman bands at 237 cm–1, 288 cm–1, and 679 cm–1
can be assigned to the A1g and E2g1 modes of MoSe2 and the A1g mode of CoSe2, respectively;[287-288] while
the broad band at 450 and 457 cm–1 may originate from the Ag mode of molybdenum oxide and Eg mode
of cobalt oxide, respectively, due to the surface oxidation that may be formed during the Raman test. [289-290]
The chemical composition and elemental states of the CoSe2/MoSe2 heterostructures were further
characterized by XPS, as presented in Figure 5.5.b-d. Taking 0.2CoSe2/MoSe2 as an example, the peaks at
778.8 and 793.9 eV in Figure 5.5.b can be assigned to Co 2p3/2 and Co 2p1/2, and the satellite peaks of Co
2p3/2 and Co 2p1/2 are located at 786.5 and 803.0 eV, indicating the presence of Co 2+ in CoSe2.[291-293]
Characteristic peaks of Mo 3d5/2, Mo 3d3/2, Se 3d5/2 and Se 3d3/2 are displayed in Figure 5.5.c and d.

72

Chapter 5 CoSe2/MoSe2 Heterostructures towards Enhanced Alkaline HER
Comparing with MoSe2, both the Mo 3d and Se 3d XPS spectra of the 0.2CoSe 2/MoSe2 heterostructures
shift slightly toward the lower binding energy direction, demonstrating the electronic interaction between
MoSe2 and CoSe2.[10, 294] Notably, XPS results indicate the Se/Mo ratio for MoSe2 is around 2.4, suggesting
the existence of substantial Mo vacancies. Therefore, the excessive Se in pure MoSe2 could be the Se source
for the formation of CoSe2.

Figure 5.6. (a) LSV curves of MoSe2, CoSe2, 20% Pt/C, 0.2CoSe2/MoSe2, 0.5CoSe2/MoSe2, and
1.0CoSe2/MoSe2 heterostructures. (b) The corresponding Tafel plots of the LSV curves in a.

The HER performance of CoSe2/MoSe2 heterostructures together with bare MoSe2 and CoSe2 were
assessed in N2-saturated 1 M KOH using a conventional three-electrode cell. The catalysts were coated on
the GC electrode for LSV testing, and all the presented LSV data were corrected with 95% iR compensation,
as shown in Figure 5.6.a. Due to the sluggish water dissociation step, the MoSe2 and CoSe2 nanosheets
exhibited inferior catalytic activity in 1 M KOH as compared with that in 0.5 M H 2SO4 (Figure 5.7), which
is in consistence with previous reports.[272]
An overpotential of 331 mV is required to reach a current density of 10 mA cm –2 for MoSe2
nanosheets, while CoSe2 nanosheets showed even worse activity, requiring an overpotential of 409 mV.
The alkaline HER activity is substantially enhanced by incorporating CoSe 2 quantum dots on MoSe2
nanosheets. 0.2CoSe2/MoSe2 turns out to be the optimal composition, and it only requires an overpotential
of as low as 218 mV to obtain a cathodic current density of 10 mA cm–2. Further increasing the amount of
less active CoSe2, the overpotentials of 0.5CoSe2/MoSe2 and 1.0CoSe2/MoSe2 increase accordingly, but
their activity still exceeds bare MoSe2 and CoSe2. It has to be noted that the performance of 0.2CoSe2/MoSe2
is one of the best among conductive support-free and precious metal-free catalysts for alkaline HER, and
even comparable to the acid HER performance of similar materials (Table 5.1).
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Table 5.1. HER activities of the CoSe2/MoSe2 heterostructures and the reported electrocatalysts

Catalysts

Electrolyte

overpotential

Tafel

Mass

(10 mA cm–1)

slope

loading

218

76

0.204

Ref.

Substrate

This
CoSe2/MoSe2

1M KOH

GC

Work
CoO/Co/N-doped
1MKOH

GC

232

115

0.42

[295]

Co2B/CoSe2

1MKOH

GC

300

76

0.4

[296]

Ni3S2

1MKOH

GC

335

97

[248]

CoSe2 nanocrystal

1MKOH

GC

520

126

[246]

NiS2 nanocrystal

1MKOH

GC

540

139

[246]

CoNi2S4

1MKOH

GC

~270

85

0.213

[247]

GC

310

93

1

[249]

GC

264

84

1

[249]

GC

394

73

1

[249]

GC

257

98

0.3

[250]

217

118

[297]

carbon

0.5

M

MoSe2
KOH
0.5

M

Mo0.75W0.25S2
KOH
0.5

M

WS2
KOH
0.1M
NiMo3S4
KOH

Oxidized
Porous Ni3S2

1M KOH
CC
1M KOH

CC

190

85

[283]

1M KOH

CC

270

120

[283]

Ni doped MoS2

1M KOH

CC

98

60

[123]

Co-MoS2

1M KOH

CC

203

158

[123]

Fe-MoS2

1M KOH

CC

163

181

[123]

MoS2

1M KOH

CC

212

96

[252]

MoS2@Ni(OH)2

1M KOH

CC

80

60

[252]

Cubic-CoSe2
orthorhombicCoSe2
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Ni2P/graphene

1M KOH

NF

75

51

[298]

1M KOH

NF

117

66

[96]

GC

350

82

-

[299]

GC

350

85

-

[299]

CP

250

60

-

[300]

GC

250

55

0.285

[301]

GC

210

42

0.285

[301]

Graphene

190

62

-

[302]

3D
MoSe2@Ni0.85Se
Nanowire
0.5M
Exfoliated MoSe2
H2SO4
0.5M
Exfoliated WS2
H2SO4
0.5M
MoSe2
H2SO4
0.5M
CoSe2
H2SO4
0.5M
CoSe2 on graphene
H2SO4
MoSe2 on vertical

0.5M

graphene arrays

H2SO4

Meanwhile, a control sample by physically mixing CoSe 2 and MoSe2 at similar Co/Mo atom ratio
(0.2CoSe2-MoSe2) was also evaluated for comparison, but its activity (371 mV at 10 mA cm –2) is much
inferior to that of 0.2CoSe2/MoSe2 and even MoSe2. This result indicating that the performance
improvement of the heterostructures is more likely associated with the well-defined nanostructures,
particularly monodispersed CoSe2 quantum dots with abundant edge sites, and the chemical bonding
between the two components.
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.
Figure 5.7 LSV curves of MoSe2, CoSe2, 0.2CoSe2-MoSe2, and 0.2CoSe2/MoSe2 heterostructures
in 0.5 M H2SO4.

Figure 5.8 Tafel slops derived from the LSV curves in Figure 5.7.

The HER kinetics was further analyzed based on the corresponding Tafel plots as shown in Figure
5.6.b. The Tafel slope was calculated to be 137 and 166 mV dec–1 for bare MoSe2 and CoSe2, respectively.
Such large Tafel slop values indicate that water dissociation (Volmer reaction) is the rate determining step
(RDS) of HER on these catalyst surfaces in alkaline solution. [303] By contrast, the CoSe2/MoSe2
heterostructures show greatly decreased Tafel slops, and particularly the Tafel slope is reduced to as low as
76 mV dec–1 for 0.2CoSe2/MoSe2, suggesting the HER kinetics is determined by the Volmer reaction and
the following Heyrovsky reaction.[304] The enhanced HER activity is probably induced by the accelerated
water dissociation process. This theory could be supported by the fact that, the HER activity of
CoSe2/MoSe2 is not enhanced compared with MoSe2 and CoSe2 in 0.5 M H2SO4, as shown in Figure 5.7.
The small Tafel slopes in acidic media demonstrate the fast hydrogen adsorption process on both MoSe 2
and CoSe2 surfaces (Figure 5.8).[304] Also, it was reported that the adsorption behavior of hydrogen on the
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catalyst surfaces is pH-independent.[277, 305] In other words, similar hydrogen adsorption behavior should
also occur on MoSe2 and CoSe2 surfaces in alkaline media. Therefore, it can be concluded that the enhanced
alkaline HER performance of CoSe2/MoSe2 heterostructures is ascribed to the accelerated water adsorption
and dissociation process on CeSe2.

Figure 5.9. LSV curves of 0.2CoSe2/MoSe2 heterostructures measured before and after the
accelerated degradation test.

Figure 5.10. (a) TEM and (b) HRTEM images of the 0.2CoSe2/MoSe2 heterostructures after the
accelerated degradation test.
Further, the durability of the CoSe2/MoSe2 heterostructures was evaluated via an accelerated
degradation test.[306] As shown in the LSV curves in Figure 5.9, the catalyst shows an overpotential increase
of merely 15 mV at a current density of 10 mA cm –2 after the degradation test. In addition, TEM and
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HRTEM images show a well-preserved morphology as well as clear lattice fringes of both MoSe2 and
CoSe2 after the degradation test (Figure 5.10.a ~ b), demonstrating an excellent durability of the
CoSe2/MoSe2 heterostructures.
In order to gain deeper insights into understanding the accelerated reaction kinetics, the
electrochemical active specific area (ECSA) of the catalysts was evaluated based on the double layer
capacitance (Cdl), which were determined from the CV results acquired at various scan rates (Figure 5.11).
As shown in Figure 5.12, the fitted Cdl of 0.2CoSe2/MoSe2 is 4.3 mF cm–2, which is close to that of bare
MoSe2 (3.5 mF cm–2). Such result reveals that the promoted.

Figure 5.11 CV curves of (a) MoSe2 and (b) 0.2CoSe2/MoSe2 acquired at various scan rates
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Figure 5.12 The fitted Cdl based on figure 5.11.

HER performance should be derived from the enhanced intrinsic activity rather than the increased
ECSA or active sites. The EIS were measured at the potential of -300 mV vs. RHE (Figure 5.13). The
Nyquist plot could be fitted with an equivalent circuit consisting of an evident semicircle at low-frequency
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region that represents the charge transfer and mass diffusion process and a less obvious semicircle at highfrequency region which corresponds to the pseudocapacitance of the adsorbed species. [241] The fitted results
(Table 5.2) suggest almost the same adsorption resistance and capacitance of 0.2CoSe2/MoSe2 and MoSe2,
which is in accordance with the ECSA result. But, 0.2CoSe2/MoSe2 shows dramatically reduced lowfrequency resistance, confirming the largely accelerated catalytic reaction kinetics.

Figure 5.13 EIS curves of MoSe2 and 0.2CoSe2/MoSe2 measured at the potential of -300 mV vs.
RHE
Table 5.2. The fitting results for the EIS spectra of the 0.2CoSe2/MoSe2 and MoSe2
Rs (ohm)

Rad (ohm)

Q (mF)

n

Rct (ohm)

Q (mF)

n

0.2CoSe2/MoSe2

4.2

5.0

4.7

0.4

14.5

1.0

0.9

MoSe2

4.9

4.4

4.5

0.3

51.3

0.9

0.9

To evaluate the intrinsic HER activity of these catalysts, the turnover frequency (TOF) was
calculated based on the number of surface metal atoms. The TOF values at different overpotentials were
calculated as shown in Figure 5.14.a.
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Figure 5.14 (a) TOF per surface Mo atom of MoSe2, 0.2CoSe2/MoSe2, 0.5CoSe2/MoSe2, and
1.0CoSe2/MoSe2 heterostructures. (b) TOF per surface Mo atom at an overpotential of 300 mV.

The CoSe2/MoSe2 heterostructures exhibit much larger TOF than MoSe2 and CoSe2 nanosheets. In
particular, the TOF of 0.2CoSe2/MoSe2 is 232 s–1 at an overpotential of 300 mV, more than 20 time as high
as that of MoSe2 and CoSe2 nanosheets (11.4 s–1 for MoSe2 and 10.7 for CoSe2, Figure 5.14.b). This
dramatically increased TOF confirms the substantial increment of the intrinsic activity. As has been
mentioned earlier, the enhanced HER activity for the CoSe2/MoSe2 heterostructures is likely to originate
from the accelerated water adsorption and dissociation process on CeSe 2. In addition, Chen et al. reported
that c-CoSe2 delivered much higher catalytic activity than o-CoSe2 for alkaline HER, and they found that
the superior water adsorption capability of c-CoSe2 is vital to the enhanced activity.[283] On the basis of
Chen’s report, it can be speculated that the accelerated water adsorption/dissociation induced by the welldefined c-CoSe2 quantum dots is responsible for the substantially enhanced alkaline HER catalytic activity
of 0.2CoSe2/MoSe2. The CoSe2 species can provide enough water adsorption sites, and hence the water
dissociation process, as well as the following Heyrovsky reaction, could be accelerated; meanwhile, the
continuously generated H* will diffuse and adsorb on MoSe2 surface, and then be transformed into H2. This
synergetic effect between CoSe2 and MoSe2 ensures the enhanced HER activity of the CoSe2/MoSe2
heterostructures in alkaline media.
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Figure 5.15 (a) LSV curves of 0.2CoSe2/MoSe2, 0.2o-CoSe2/MoSe2 heterostructures and the pristine
MoSe2. (b) Tafel slopes of 0.2CoSe2/MoSe2, 0.2o-CoSe2/MoSe2 heterostructures and the pristine MoSe2.

The importance of the in situ formed water adsorption/dissociation sites in this synergetic effect
could be further highlighted by comparing the HER performance of 0.2 CoSe 2/MoSe2 and the 0.2oCoSe2/MoSe2 heterostructures. As shown in Figure 5.15, 0.2o-CoSe2/MoSe2 heterostructures also deliver
enhanced alkaline HER catalytic activity over MoSe2 with lower overpotential and smaller Tafel slope,
however, the performance improvement of 0.2o-CoSe2/MoSe2 is not so significantly as 0.2CoSe2/MoSe2
due to the inferior water adsorption capability of o-CeSe2. The water adsorption energy for o-CoSe2 and cCoSe2 was calculated to be -0.106 and -0.163 eV, respectively.[283] On this basis, c-CoSe2 provides a more
easily formed catalyst-water state, and then the water dissociation process could be subsequently
accelerated more significantly. Consequently, 0.2CoSe2/MoSe2 heterostructures with c-CoSe2 will have a
faster HER process than 0.2o-CoSe2/MoSe2. These results together with Chen’s report further confirm that
the in situ formed c-CoSe2 quantum dots can accelerate the water adsorption/dissociation process and hence
grant the substantially enhanced alkaline HER catalytic activity of 0.2CoSe 2/MoSe2.

5.4 Conclusions
In summary, we designed and synthesized CoSe 2/MoSe2 heterostructures with water-adsorptionfavored CoSe2 species decorated on MoSe2 nanosheets via a facile refluxing process followed by annealing
in argon. An epitaxial CoSe2/MoSe2 structure defined as (100)CoSe2 // (102)MoSe2 or [011̅]CoSe2 // [010]MoSe2
was observed for the first time. The CoSe2/MoSe2 heterostructures exhibited largely substantially enhanced
HER catalytic activity in 1 M KOH as compared with MoSe 2 and CoSe2. In particular, 0.2CoSe2/MoSe2
showed the best performance with a low overpotential of 220 mV at 10 mA cm –2 and a small Tafel slope
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of 76 mV dec–1. TOF analysis shows the 0.2CoSe2/MoSe2 heterostructures possesses superior intrinsic
activity to many state-of-the-art catalysts. Further, the detailed electrochemical analysis suggests that the
improved alkaline HER catalytic activity originates from the synergetic effect between CoSe 2 and MoSe2,
where the water adsorption/dissociation process can be accelerated by the additional water adsorption sites
provided by CoSe2 species and the following processes can rapidly take place on the abundant exposed
MoSe2 species. The present results provide new ideas for designing and synthesizing functional
heterostructures for efficient alkaline HER and other related energy applications.

Note: The content of this chapter has been published in Chemistry – A European Journal. Permission
regarding copyright has been obtained from the publishers. [Guoqiang Zhao, Peng Li, Kun Rui, Yaping
Chen, Shi Xue Dou, Wenping Sun,* CoSe2/MoSe2 Heterostructures with Enriched Water
Adsorption/Dissociation Sites towards Enhanced Alkaline Hydrogen Evolution Reaction. Chem. Eur. J.
2018, 24, 11158 – 11165.]
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Chapter 6
Ir/Ni(OH)2 heterostructures for efficient alkaline OER
6.1 Introduction
Electrochemical water splitting driven by renewable energy-derived electricity is considered as one of the
most promising approaches for green and sustainable hydrogen production, and is the cornerstone for the
future hydrogen society.[307-309] Developing advanced electrocatalysts is crucial in view of increasing the
energy conversion efficiency of water electrolyzers and has been a hot research topic in recent years.[60, 310314]

Basically, producing one oxygen molecule requires the transfer of four electrons and involves the

formation of O-O bond.[315-317] Therefore, to catalyze the oxygen evolution reaction (OER), which takes
place at the anode of a water electrolyzer, is more challenging than catalyzing the cathodic hydrogen
evolution reaction (HER). More importantly, the binding energies of the multiple intermediates in OER are
correlated with each other, and it is a formidable task to optimize their binding energies simultaneously. [34]

Consequently, the OER usually requires high overpotentials that would severely reduce the energy

conversion efficiency. On the other hand, the electrocatalysts are likely to show high OER activity when
this scaling law is broken.[318-319] To date, several approaches have been reported for breaking the scaling
limitation, including nanoscopic confinement,[320] strain engineering,[321] and dual-active sites
modulation,[322] etc., and the obtained OER electrocatalysts are free from the restriction of the scaling
relation and deliver exceptional electrochemical performance. Recently, heterostructure engineering has
drawn considerable attention due to its intriguing capabilities in designing advanced electrocatalysts with
unique properties.[219, 323-326] For one, the electron transfer in between different components will modulate
their electronic structure.[327-328] For another, distinctive atomic coordination as well as lattice strain would
appear at the heterostructure interface, both of which will affect the electrocatalytic performance.[327, 329]
Furthermore, the synergistic effect arising from the formation of the heterostructure interface also offers a
possibility for breaking the scaling relation. Although the idea of heterostructure engineering seems to be
straightforward, the individual construction components must be carefully selected for specific purposes to
take advantage of the merits of this electrocatalyst design strategy.
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Figure 6.1. LSV curve of GC electrodes coated with 0.04 mg pure Ni(OH) 2 nanosheet, 0.04 mg
commercial IrO2, and the mixture of 0.02 mg pure Ni(OH) 2 and 0.02 mg commercial IrO2.
With regard to the design of heterostructured OER electrocatalysts, IrO2 and Ni(OH)2 would be appropriate
building blocks to achieve breakthroughs. Previous researches have shown IrO2 and NiOOH possess
complementary behaviors regarding the adsorption of OER intermediates, therefore the heterostructure may
boost the OER process by synergistically optimizing the adsorption of the multiple intermediates. [330-333] In
order to demonstrate our speculation, we evaluated the OER activity of the physical mixture of commercial
IrO2 and as-prepared Ni(OH)2 nanosheets (Ni(OH)2-NSs), and the mixture of the two components exhibits
dramatically promoted OER activity (Figure 6.1). As encouraged by the interesting preliminary results, we
designed the Ir/Ni(OH)2 heterostructure with ultrafine Ir nanoparticles (NPs) anchored on the surface of
Ni(OH)2-NSs. Ex-situ characterizations on the heterostructure after OER prove that the strong electronic
interaction and the unique atomic coordination at the interface can effectively stabilize the metastable Ir (V)
species, and hence promote the formation of O-O bond. Besides, the abundant interfaces between the in
situ formed IrOx and NiOOH not only ensure the exposure of active sites but also sufficiently exert the
effect of breaking the scaling limitation, which makes full use of the advantages of heterostructure
engineering. Owing to the unique interface chemistry, the Ir/Ni(OH)2 heterostructure shows substantially
enhanced OER activity and decent durably. The present results open a new avenue for the development of
efficient OER electrocatalysts by the heterostructure engineering strategies.

6.2 Experimental Section
Chemicals:

Nickel

(II)

chloride

hexahydrate

(NiCl2·6H2O,

purum

p.a.,

≥97.0%),

hexamethylenetetramine (HMTA, ACS reagent, ≥99.0%), potassium hexachloroiridate (IV) (K2IrCl6,
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technical grade), ethylene glycol (EG, ≥99%, spectrophotometric grade), Nafion® 117 solution, 2-Propanol
(≥99.5%, anhydrous), potassium hydroxide (90%, reagent grade, flakes), and platinum on carbon (20 wt.%
loading, matrix activated carbon support, Pt/C) were purchased from Sigma-Aldrich (Australia). Ethanol
(EtOH, 96% A.R.) were purchased from Chem-supply (Australia). All the chemicals were used as received
without further purification. Ultrapure deionized water (DI-Water, 18 MΩ cm−1) was used in all
experiments.
Synthesis of Ni(OH)2 nanosheets: Ni(OH)2 nanosheets were prepared via a modified method based
on our previous work. In a typical synthetic process, 2 mmol NiCl2 6H2O (476 mg) and 4 mmol HMTA (,
560 mg) were dissolved in 30 mL DIW and 10 mL ethanol (EtOH). The solution was transferred to a threeneck flask and heated on a stirring heater. The solution was heated to boiling and kept for 2 h under reflux
condition. After cooling to room temperature naturally, the precipitates were collected by centrifugation
and washed with DI-water and ethanol several times. Finally, the precipitates were dried at 60 °C under
vacuum for 12 h, and amorphous alpha-phase Ni(OH)2 nanosheets were obtained.
Synthesis of Ir/Ni(OH)2 heterostructures: Ir/ Ni(OH)2 heterostructure was synthesized by a polyol
reduction method. In a typical synthetic process, 12 mg Ni(OH) 2 nanosheets were dispersed in 10 mL EG
and treated with ultrasonication for 1h. Into this suspension, 420 µL 0.1 M K 2IrCl6 aqueous solution was
added and then treated with ultrasonication for 10 min. After that, the beaker was placed in an oil bath
which was preheated to 120 °C and kept for 3 h. After cooling to room temperature, the precipitates were
collected by centrifugation, washed with DI-water and ethanol several times, and dried at 60 °C under
vacuum for 12h.
Characterizations: X-ray diffraction (XRD) patterns were performed on a GBC enhanced minimaterials analyzer with CuKα radiation (λ = 1.541 Å, 25 mA, 40 kV, 2 ° min −1). X-ray photoelectron
spectroscopy (XPS) measurement was performed using a Phoibos 100 Analyzer (SPECS, Germany, Al Ka
X-rays). Thermogravimetric analysis (TGA) was performed under an air flow with a ramping rate of 5 °C
min-1 from 50 to 800 °C by a Mettler Toledo Thermogravimetric Analyzer. Transmission electron
microscopy (TEM) images were obtained by a JEM-2010 microscopy operating at a working voltage of
200 kV. Scanning transmission electron microscopy energy dispersive X-ray spectroscopy (STEM-EDS)
images were obtained with a probe-corrected JEOL ARM200F microscopy operated at 200 kV. A drop of
an EtOH solution containing the samples was placed on a holey carbon-coated copper grid, and then
naturally dried in air before characterization by TEM.

85

Chapter 6 Ir/Ni(OH)2 Heterostructures for Efficient Alkaline OER
X-ray absorption spectra (XAS) measurements: The prepared samples were subjected to X-ray
absorption fine structure (XAFS) spectroscopy analysis to characterize localized coordination environment
around Ir atoms. Ir L3-edge XAFS were collected at beamline BL14W1 in Shanghai Synchrotron Radiation
Facility (SSRF). The storage ring was operated at energy of 3.5 GeV and at currents about 240 mA. The
white X-ray was monochromatized with a Si (111) double-crystal monochromator and the energy was
calibrated with a Pt foil (11564 eV). Ir standards and prepared samples were pressed and collected in
transmission mode at room temperature. The data processing were performed using software Demeter [334]
and then further deconvolved by the wavelet transform (WT) method using the Igor Pro script by Funke et
al.[335] This qualitative analysis was primarily focused on the nature of the backscattering atoms as well as
the bond lengths and complemented the conventional Fourier transform (FT) analysis by connecting
contributions in the EXAFS spectra to the FT peaks.
Electrochemical tests: Electrochemical tests were carried out in O2-saturated and N2-saturated 1 M
KOH aqueous solutions for OER and HER, respectively. All electrochemical tests data were recorded using
a VSP-300 electrochemical workstation (BioLogic Science Instrument, France) connected with a rotating
disk electrode (RDE, Pine Research Instrumentation, US). A Hg/HgO electrode was used as the reference
electrode, which was calibrated with a reversible hydrogen electrode (RHE). A Pt mesh electrode and a
graphite rod were used as the counter electrode for the OER and HER, respectively. The working electrode
was prepared by dropping 10 µL aliquot of catalyst ink on a glassy carbon electrode (effective working
area, 0.196 cm–2). To prepare catalyst inks, 2 mg catalysts were dispersed in a mixed solution containing
16 µL 5% Nafion solution, 100 µL 2-Propanol and 384 µL DI water and treated with ultrasonication for 2
h. The catalyst mass loading on glassy carbon electrode was 0.203 mg cm –2.
The working electrode was first cycled between 1.23 ~ 1.73 V vs. RHE and -0.3 ~ 0.0 V vs. RHE at
a scan rate of 30 mV s–1 for 5 cyclic voltammetry (CV) cycles for HER and OER, respectively. After that,
the linear sweep voltammetry (LSV) curve of the working electrode was recorded at a scan rate of 10 mV
s–1 and a rotation speed of 1,600 r.p.m. to evaluate catalytic activity. Electrochemical impedance
spectroscopy (EIS) measurements were conducted to obtain the solution resistance (Rs) with a frequency
range of 0.1 ~ 100000 Hz at 1.23V vs. RHE for OER and 0V vs. RHE for HER. All reported potentials in
the manuscript were calibrated to RHE and corrected with 95% iR-compensation.
For the preparation of the samples after OER, the catalysts were dispersed in EtOH, and then the
suspensions were coated on the surface of titanium mesh (TM) electrode and dried naturally. After 20 CV
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cycles between 1.23 ~ 1.73 V vs. RHE, the TM electrode was taken out form the KOH solution and washed
with DIW. The catalyst-coated TM electrode was placed into EtOH and treated with ultrasonication for 10
min. The precipitates were extracted from the EtOH suspension by centrifugation, and then washed with
DIW and EtOH several times. For the TEM characterization, a drop of the EtOH suspension was placed on
a holey carbon-coated copper grid, and then naturally dried in air. For the XPS and XAFS tests, the samples
were collected by centrifugation and dried at 60 °C under vacuum for 12 h.
Assembling of water splitting devices: The catalyst inks for overall water splitting devices were
prepared by the same procedure as that for three-electrode system. 250 µL of the dispersion (containing 1
mg catalysts) was spread on a titanium mesh (2 cm×1 cm, effective loading area was 1 cm × 0.5 cm), and
then dried naturally.
Active sites measurements: The number of surface Ir atoms were evaluated using the hydrogen
underpotential deposition (HUPD) method. The amount of adsorbed hydrogen is calculated by the integrate
area of the desorption peak, and the amount of Ir atoms is obtained by assuming each surface Ir atom
adsorbs one hydrogen atom.

6.3 Results and discussion
Ni(OH)2-NSs are firstly prepared by a reflux method, and then Ir NPs are anchored on Ni(OH) 2-NSs via a
polyol reduction process. As shown in the XRD patterns (Figure 6.2), two peaks at 34 °and 59 °can be
indexed to the (100) and (110) planes of α-Ni(OH)2 (JCPDS 22-0444), respectively.
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Figure 6.2. XRD patterns of as-prepared Ir/Ni(OH)2, Ir NPs, and Ni(OH)2
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Figure 6.3. TEM images and the corresponding SAED patterns of as-prepared Ni(OH)2 nanosheets
(a, b), the Ir/Ni(OH)2 heterostructure (c, d), and Ir nanoparticles (e, f). The scale marks are 200 nm in (a, c,
e), and 5 1/nm in (b, d, f).
Only one broad peak corresponding to the (111) planes of Ir metal is observed due to the low
crystallinity and small particle size of Ir NPs. The XRD pattern of the Ir/Ni(OH) 2 heterostructure shows the
combined features of Ir NPs and Ni(OH)2-NSs, indicating the successful hybridization. The TEM image
and the corresponding selected area electron diffraction (SAED) pattern show the typical 2D nanosheets
morphology of α-Ni(OH)2-NSs (Figure 6.3.a and b). Specifically, the 2D morphology of Ni(OH) 2-NSs is
beneficial for confining the growth of the metal nucleus during the synthesis of the Ir/Ni(OH) 2
heterostructure. As show in 6.4.a-c and Figure 6.3.c, the Ir NPs are uniformly anchored on the surface of
Ni(OH)2-NSs with a small average diameter of ~ 1.5 nm. The homogeneous distribution of Ir, Ni, and O
elements in the elemental mapping images in Figure 6.4.d further proves the uniformity of the
heterostructure. The high-resolution TEM (HRTEM) image in Figure 6.4.e shows the lattice fringes of an
Ir nanoparticle, in which the crystal planes possess a d-spacing of ~ 0.23 nm with an angle of 70°,
corresponding to the (111) planes of Ir metal. In consistence with the XRD results, the SAED pattern of the
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heterostructure (Figure 6.3.d) also shows the coexistence of Ir metal and Ni(OH)2-NSs. With regard to bare
Ir NPs, the Ir NPs agglomerate severely, which would dramatically decrease the exposure of Ir active sites
(Figure 6.3.e and f).

Figure 6.4. (a, b) TEM image of Ir/Ni(OH)2, showing the uniformly distributed Ir NPs on Ni(OH) 2.
(c) particle size distribution based on (b). (d) STEM-EDS elemental mapping images. (e) HRTEM image
of Ir/Ni(OH)2, showing the lattice fringes of an Ir NP.

The surface chemical states of the Ir/Ni(OH) 2 heterostructure and Ir NPs are probed by XPS. Figure 6.5.a
shows the high-resolution Ir 4f spectrum for Ir NPs and the corresponding fitting results (details in Table
6.1), the major Ir 4f7/2 peak is located at 60.5 eV, which is in accordance with the expected range for Ir 4f7/2
of metallic Ir (60.3~61.0 eV).[336-337] Two additional doublets can be found at the higher binding energy
region, indicating the existence of Ir species with higher valence state. Nevertheless, the relative peak area
ratio reveals that the Ir NPs primarily consist of metallic Ir with minor surface oxides. For the Ir/Ni(OH) 2
heterostructure, the Ir 4f spectrum can be fitted with three doublets (Figure 6.5.b). The binding energies of
the Ir 4f7/2 peaks are 61.0, 62.4, and 64.3 eV, which corresponds to the metallic Ir, Ir(IV), and the shake-up
peak of Ir(IV), respectively. Compared with pure Ir NPs, not only are the binding energies of Ir positively
shifted but the proportion of Ir(IV) species is also significantly increased, indicating the possible electron
transfer from Ir NPs to Ni(OH)2 as well as the formation of Ir-O interfacial bond at the heterostructure
interface.[338] In the meantime, such electron transfer behavior also leads to a negative shift for the Ni 2p
binding energy after the hybridization, and the binding energy of Ni 2p 3/2 decreases from 856.2 to 854.5 eV
(Figure 6.6). Remarkably, the binding energies of Ni 3p are in a similar range with those of Ir 4f; therefore,
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the presence of Ni may contribute to the signal of Ir 4f spectrum. [339] As shown in Figure 6.7, the area of Ni
3p peak is less than 0.5% that of Ni 2p peak in pure Ni(OH)2, while the area of Ir 4f is comparable to Ni 2p
in the Ir/Ni(OH)2 heterostructure. Therefore, the contribution of Ni 3p to the Ir 4f peak, if any, is negligible.
Based on the quantitative XPS analysis, the proportion of Ir species in the heterostructure is about 35 wt%,
which is in good consistence with the TGA results (Figure 6.8).

Figure 6.5. Characterizations of the pristine samples. (a-b) Ir 4f XPS spectrum of a) Ir NPs and b)
Ir/Ni(OH)2. (c) Ni K-edge XANES spectra of Ni foil, standard Ni(OH) 2 powders, Ni(OH)2-NSs and
Ir/Ni(OH)2. (d) Ir LIII-edge XANES spectra of Ir foil, standard IrO2 powders, Ir NPs, and Ir/Ni(OH)2. (e) Ir
LIII-edge EXAFS spectra of Ir NPs and Ir/Ni(OH) 2. (f) Ni K-edge EXAFS spectra of Ni(OH)2-NSs and
Ir/Ni(OH)2. (g-j) WT for the k3-weighted EXAFS signal of g) Ni K-edge of Ni(OH)2-NSs, h) Ni K-edge of
Ir/Ni(OH)2, i) Ir LIII-edge of Ir NPs, and j) Ir LIII-edge of Ir/Ni(OH)2
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Figure 6.6. Ni 2p XPS spectra of Ir/Ni(OH)2 heterostructure and pure Ni(OH)2.

X-ray absorption near-edge structure (XANES) measurements were performed to gain deeper insights into
the electronic structure of the electrocatalysts. As shown in the Ni K-edge XANES spectra (Figure 6.5.c),
the red-shifted edge position of Ir/Ni(OH)2 heterostructure confirms the increased electron density of
Ni(OH)2 after the hybridization. As for the Ir LIII-edge XANES spectra (Figure 6.5.d), the white line
intensity increases in the following sequence: Ir foil< Ir NPs< Ir/Ni(OH)2< IrO2, demonstrating the same
order of the valence state of Ir species.[164] The slightly higher valence state of Ir NPs over Ir foil further
proves the existence of oxides in Ir NPs, while the increased valence of Ir in Ir/Ni(OH) 2 verifies the
decreased electron density at Ir sites. Clearly, the XANES results are fully in accordance with the XPS
results, and there exists intense electron transfer from Ir to Ni(OH) 2 at the heterostructure interface. The
local coordination environment at the heterostructure interface is further investigated by extended X-ray
absorption fine structure (EXAFS) measurements, and the results are fitted with Demeter software.[334] In
Figure 6.5.e, two well-defined peaks corresponding to the Ni-O and Ni-O-Ni bonds can be found in the Ni
K-edge EXAFS spectrum of Ni(OH)2. An additional peak located between Ni-O and Ni-O-Ni emerges in
the EXAFS spectrum for the Ir/Ni(OH)2 heterostructure. The fitting results demonstrate the emerging bond
can be ascribed to the Ni-Ir bond with a bond length of 2.53 Å and a coordination number of 4.3. Meanwhile,
the coordination number of Ni in Ni-O bond decreases from 6.0 to 3.9, while the value for Ni-O-Ni bond
almost keeps constant after the hybridization. Therefore, the Ni-Ir bond is more likely to be formed at the
interface rather than within the Ni(OH)2 matrix. It can be inferred that, during the synthesis processes,
numerous oxygen vacancies are firstly generated on the surface of Ni(OH)2-NSs, and then the interaction
between Ir nucleus and Ni(OH)2-NSs leads to the formation of Ni-Ir bond, which subsequently confines the
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growth of Ir NPs. Figure 6.5.f shows the Ir LIII-edge EXAFS spectra. Compared with the bare Ir NPs, the
formation of the shorter Ir-Ni bond in the heterostructure leads to a decreased Ir-Ir bond length as well as a
reduced coordination number of Ir in Ir-Ir bond. Besides, the coordination number of Ir in Ir-O bond
increases after the hybridization, which further verifies the formation of Ir-O bond at the heterostructure
interface. The WT for the k3-weighted EXAFS signal for Ni K-edge and Ir LIII-edge spectra (Figure 6.5.gj) also clearly demonstrates the formation of Ni-Ir bridge bond in Ir/Ni(OH)2. The XAFS results together
with the XPS results evidence the strong electronic interaction and substantial chemical bonding between
Ir and Ni(OH)2 at the heterostructure interface.

Figure 6.7. (a) Ni 2p and (b) Ni 3p XPS spectra of pure Ni(OH)2. (c) Ni 2p and (d) Ir 4f XPS spectra
of the Ir/Ni(OH)2 heterostructure.
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Figure 6.8. TGA curves of Ir/Ni(OH)2 heterostructure and pure Ni(OH)2
The OER electrocatalytic performance of the samples is evaluated using a typical rotating disk electrode
system at a rotation rate of 1600 r.p.m. in 1 M KOH. The performance of commercial Ir black is tested for
comparison as well. As shown in Figure 6.9.a, the Ir/Ni(OH)2 heterostructure exhibits substantially higher
OER activity than Ir NPs, Ni(OH)2-NSs, and Ir black, and requires merely 224 and 270 mV to deliver a
current density of 10 and 100 mA cm –2, respectively. In contrast, the required overpotentials are 437 mV
for Ni(OH)2-NSs (10 mA cm–2), 343 mV for Ir NPs (100 mA cm–2), and 316 mV for Ir black (100 mA cm –
2

). The OER current densities are further normalized by the mass of Ir, and the Ir/Ni(OH) 2 heterostructure

also shows the best mass activity (Figure 6.9.b). The required overpotential for reaching a current density
of 1 A mgIr–1 is 264, 415, and 370 mV for Ir/Ni(OH)2, Ir NPs, and Ir black, respectively (Figure 6.9.c). The
number of surface Ir atoms is evaluated by the hydrogen under-potential deposition (HUPD) method
(Figure 6.10). Owing to the confinement effect of the Ni(OH) 2-NSs substrate, the Ir/Ni(OH)2
heterostructure containing only 35 wt% Ir shows similar number of Ir atoms to bare Ir NPs as well as Ir
black, clearly evidencing the structural superiority of the heterostructued electrocatalyst. Further, the
turnover frequency (TOF) is calculated based on the number of surface Ir atoms. As shown in Figure 6.9.d,
the Ir/Ni(OH)2 heterostructure possesses substantially larger TOF than Ir NPs and Ir black at an
overpotential of 300 mV, suggesting the significantly enhanced intrinsic activity of Ir species in the
heterostructure.
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Figure 6.9. (a) geometric area-normalized LSV curves of Ir NPs, Ir/Ni(OH)2, Ni(OH)2-NSs, and Ir black.
(b) Ir mass-normalized LSV curves of Ir NPs, Ir/Ni(OH)2, and Ir black. (c) overpotentials of Ir NPs,
Ir/Ni(OH)2, and Ir black. (d) TOF values at 1.53 V and the required overpotential to achieve the TOF of 3.0
S–1 for Ir/Ni(OH)2, Ir NPs, and Ir black (e) Tafel slopes of Ir NPs, Ir/Ni(OH)2, Ni(OH)2, and Ir black derived
from geometric area-normalized LSV curves. (f) iR-corrected voltage of a full water splitting devise at 10
mA using Ir/Ni(OH)2 as both HER and OER catalyst.
To obtain deeper insights into the enhanced OER activity, Tafel slopes of the samples are calculated,
and the values are 127, 64, and 41 mV dec–1 for bare Ni(OH)2, bare Ir NPs, and Ir/Ni(OH)2 heterostructure,
respectively. The decreased Tafel slope demonstrates the promoted OER kinetics for the heterostructure,
indicating the possibly changed rate determining step (RDS). [198] As is well known, Ni(OH)2 is converted
to NiOOH at the OER potential range, and the surface of Ni(OH)2 or NiOOH binds O* too weakly. In this
case, the OER is determined by the rate of the formation of O*, in accordance with the measured Tafel
slope of 127 mV dec–1.[340] For bare Ir NPs, the surface of Ir will be oxidized to IrO 2 or IrOx during OER
process that binds O* too strongly, and the RDS is the formation of OOH*. [341-342] When it comes to the
Ir/Ni(OH)2 heterostructure, the generated O* species at Ir sites can spill over to the surface of NiOOH
substrate, and hence accelerate the formation of OOH*. In other words, the adsorption of the OER
intermediates is no longer confined to single-component surfaces; instead, the synergistic effect between
IrOx and NiOOH breaks the scaling relation, leading to substantially accelerated OER kinetics.[198]
Additionally, the Ir/Ni(OH)2 heterostructure also exhibits very attractive HER activity in 1 M KOH,
outperforming both Ir NPs and commercial 20% Pt/C (Figure 6.11). The decent alkaline HER activity is
closely associated with the incorporation of Ni(OH) 2-NSs, which plays a critical role in accelerating the
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water adsorption/dissociation kinetics.[18,

343]

Considering the Ir/Ni(OH)2 heterostructure delivers

exceptional catalytic activity toward both OER and HER, a full water splitting cell was assembled with
Ir/Ni(OH)2 as both the OER and HER electrocatalysts. The full cell only requires a low reaction
overpotential of 262 mV to achieve a current density of 10 mA cm–2, and the potential keeps constant over
48-h operation, further demonstrating the high activity and durability of the heterostructured Ir/Ni(OH)2
electrocatalyst.

Figure 6.10. CV curves of (a) the Ir/Ni(OH)2 heterostructure, (b) Ir NPs, and (c) Ir black in N 2saturated 0.1 M KOH (scan rate: 50 mV s–1). (d) The calculated number of surface Ir atoms.
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Figure 6.11. (a) electrode area-normalized LSV curves, (b) the required overpotential at the current
density of 10 mA cm–2, (c) Ir mass-normalized LSV curves, (d) the required overpotential at the current
density of 1 A mg–1 of the Ir/Ni(OH)2 heterostructure, Ir NPs, 20% Pt/C , and Ir black electrocatalyst,
evaluating the HER activity. (e) Tafel plots derived from LSV curves in (a).

In order to acquire in-depth insights into the origin of the superior OER catalytic performance of the
heterostructured electrocatalyst, a variety of ex-situ characterizations of the heterostructure after OER were
carried out. The electrocatalysts were coated on titanium mesh electrode and then cycled between 1.10-1.60
V for 20 CV cycles. The final electrode potential was set at 1.73 V before collecting the electrocatalyst for
further characterizations, and the post-OER samples are labeled as Ir/Ni(OH)2-OER, Ir NPs-OER, and
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Ni(OH)2-NSs-OER. Figure 6.12 shows the XRD patterns of the post-OER samples. For Ir NPs-OER, in
addition to the broad (111) peak of Ir metal, two additional broad peaks appear at 33.4 °and 58.6 °that
correspond to the (101) and (220) planes of IrO2, indicating Ir NPs are partially converted to IrO2 after OER.
For the Ir/Ni(OH)2 heterostructure, in contrast, the major part of Ir species are oxidized as indicated by the
disappearance of the (111) peak of Ir metal.

Figure 6.12. XRD patterns of the Ir/Ni(OH)2 heterostructure, Ir NPs, and pure Ni(OH)2 after OER,
the electrode potential was set at 1.73 V before collecting the catalyst for further characterization.
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Figure 6.13. Ni 2p XPS spectra of Ni(OH)2-NSs, Ni(OH)2-NSs-OER, Ir/Ni(OH)2, and
Ir/Ni(OH)2-OER.

XPS was employed to explore the variations in the chemical states of Ir and Ni. The binding energies of Ni
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2p for both Ni(OH)2-NSs-OER and Ir/Ni(OH)2-OER shift positively (Figure 6.13), in accordance with the
expected valence change after OER and previous reports.[344] As shown in Figure 6.14.a, the Ir 4f XPS
spectrum of Ir NPs-OER exhibits typical Ir(IV) features with the Ir 4f7/2 and the corresponding shake-up
peak located at 62.1 and 64.3 eV, respectively. [345] In the case of Ir/Ni(OH)2-OER (Figure 6.14.b), Ir 4f
XPS spectrum can be fitted with three doublets. The first two doublets originate from Ir(IV) and the shakeup peaks, whose Ir 4f7/2 peaks locate at 62.2 and 64.0 eV, respectively. The binding energy for Ir 4f7/2 peak
of the third doublet reaches 65.6 eV, which is 3.5 eV higher than Ir(IV). Such a high binding energy suggests
the existence of Ir(V),[342, 346] and the quantitative XPS analysis reveals the content of Ir(V) is around 33%.
Meanwhile, the white line intensity of the XANES spectrum for Ir/Ni(OH) 2-OER is higher than the standard
IrO2 (Figure 6.14.c), which is a strong evidence for supporting the existence of higher valence state Ir
species like Ir(V).[347] It has been experimentally proved that Ir(V) species are formed in situ on Ir metal or
IrO2 during the OER process and are the prerequisite for the formation of O-O bond.[342, 348-349] However,
the Ir(V) species are not stable, and therefore no Ir(V) species are found in the case of Ir NPs-OER.[348]
Therefore, the metastable Ir(V) species must be somehow stabilized in the case of Ir/Ni(OH)2-OER, which
is very likely to be an important reason for the substantially promoted OER kinetics. As can be seen from
Figure 6.14.d, the Ni K-edges of Ni(OH)2-NSs-OER and Ir/Ni(OH)2-OER locate at the similar position.
Nevertheless, as demonstrated in the Ni K-edge EXAFS spectra (Figure 6.14.e), the second shell oscillation
decreases significantly for the Ir/Ni(OH)2 heterostructure, indicating the Ni(OH)2 substrate becomes highly
disordered after the OER. Figure 6.14.f shows the Ir LIII-edge EXAFS spectra of Ir NPs-OER and
Ir/Ni(OH)2-OER. Compared with the pristine Ir NPs, the coordination numbers of Ir in Ir-O and Ir-Ir bonds
exhibit an apparent increase and decrease after OER, respectively, which is direct evidences for the
formation of iridium oxides on the surface. Moreover, the WT images for the k3-weighted EXAFS signal
after OER (Figure 6.14.g-j) illustrate the appearance of Ir-O-Ni bond in the Ir/Ni(OH)2 heterostructure,
demonstrating the unique atomic coordination of Ir at the interface as well as the strong electronic
interaction. Furthermore, the ratio of Ir-O-Ni bond to the total Ir-O bond is determined to be 27%, similar
to the ratio of Ir(V) to Ir species in the heterostructure. Accordingly, we can come to the conclusion that
this Ir-O-Ni bond is responsible for the stabilization of Ir(V) species in the heterostructured catalyst.
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Figure 6.14. Characterizations of the samples after OER. (a-b) Ir 4f XPS spectrum of a) Ir NPs-OER and
b) Ir/Ni(OH)2-OER. (c) Ir LIII-edge XANES spectra of, standard IrO2 powders, Ir NPs-OER, and
Ir/Ni(OH)2-OER. (d) Ni K-edge XANES spectra of Ni foil, Ni(OH)2-NSs-OER and Ir/Ni(OH)2-OER. (e)
Ir LIII-edge EXAFS spectra of Ir NPs-OER and Ir/Ni(OH)2-OER. (f) Ni K-edge EXAFS spectra of Ni(OH)2NSs-OER and Ir/Ni(OH)2-OER. (g-j) WT for the k3-weighted EXAFS signal for g) Ni K-edge of Ni(OH)2NSs-OER, h) Ni K-edge of Ir/Ni(OH)2-OER, i) Ir LIII-edge of Ir NPs-OER, and j) Ir LIII-edge of Ir/Ni(OH)2OER

The TEM image of the Ir/Ni(OH)2 electrocatalyst after OER shows that, Ir species tend to agglomerate
together and form larger particles while the 2D morphology of the substrate is well preserved (Figure
6.15.a). The HRTEM image and the corresponding FFT patterns exhibit two types of symmetries (Figure
6.15.b and c). Inverse FFT (IFFT) images (Figure 6.15.d and e) were produced by selecting each of the two
FFT patterns (insets in Figure 6.15.d and e). The tetragonal system can be well indexed to IrO 2 and the
hexagonal symmetry is attributed to Ni(OH)2 or NiOOH. The IFFT image generated by selecting both of
the patterns resembles the original HRTEM image to a great degree.
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Figure 6.15. (a) TEM and (b) HRTEM images of Ir/Ni(OH) 2-OER. (c) the corresponding FFT patterns of
(b). (d-f) IFFT images generated by selecting the FFT patterns in the insets, corresponding to (d) IrO 2, (e)
NiOOH, and (f) both IrO2 and NiOOH. (g) The illustration of the proposed OER mechanism.

The structure-function relationship is eventually proposed based on the electrochemical analyses as well as
ex-situ TEM, XPS, and XAFS results. Firstly, the Ni(OH) 2 substrate not only confines the growth of Ir
nucleus during the preparation of the Ir/Ni(OH)2 heterostructure but also hinders the severe agglomeration
of Ir species during the OER process, which ensures the effective exposure of active sites. Secondly, the
adsorption of the OER intermediates is no longer restricted to single-component catalysts, and the generated
O* species at Ir sites can spill over to the surface of NiOOH substrate, which breaks the scaling relation
and leads to the substantially accelerated OER kinetics (Figure 6.15.g). More importantly, the Ir-O-Ni
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bridging bond between the in situ formed IrOx and the substrate is able to stabilize the metastable Ir(V)
species, which is highly active toward the formation of O-O bond. Overall, the Ir/Ni(OH)2 heterostructure
exhibits exceptional OER activity owing to the well-defined heterostructure interface and unique interface
chemistry.

Table 6.1. EXAFS fitting parameters at the Ir LIII-edge and Ni K-edge for various samples
(Ѕ02=0.803(Ni), 0.807(Ir) a)
Ir LIII-edge
R(Å)c

σ2(Å2)d

ΔE0(eV)e

R factor

12.0

2.76

0.0046

6.6

0.0014

Ir-O

2.1

2.01

0.0055

Ir-Ir

6.3

2.87

0.0065

11.5

0.0014

Ir-O

3.1

2.00

0.0129

Ir-Ni

1.5

2.56

0.0080

2.6

0.0001

Ir-Ir

4.6

2.73

0.0115

Ir-O

4.7

2.06

0.0079

Ir-Ir

6.1

2.87

0.0092

6.3

0.0002

Ir-O

5.5

2.01

0.0059

Ir-Ir

2.2

2.71

0.0063

10.2

0.0006

Ir-O-Ni

2.1

3.17

0.0065

Sample

Shell

N

Ir foil

Ir-Ir

Ir NPs

Ir/Ni(OH)2

Ir NPs-OER

Ir/Ni(OH)2OER

b

Ni K-edge
Sample

Shell

Nb

R(Å)c

σ2(Å2)d

ΔE0(eV)e

R factor

Ni foil

Ni-Ni

12.0

2.48

0.0061

6.4

0.0002

Ni-O

6.0

2.03

0.0068

Ni-O-Ni

7.1

3.10

0.0089

-8.6

0.0007

Ni-O

3.9

2.07

0.0049

Ni-Ir

4.3

2.53

0.0078

2.3

0.0002

Ni-O-Ni

7.5

3.14

0.0151

Ni-O

5.8

2.03

0.0067

Ni-O-Ni

6.7

3.10

0.0088

-9.5

0.0005

Ni-O

5.8

2.07

0.0065

Ni-O-Ni

2.6

3.08

0.0118

-3.5

0.0003

Ni-O-Ir

1.7

3.18

0.0089

Ni(OH)2

Ir/Ni(OH)2

Ni(OH)2OER
Ir/Ni(OH)2OER
2

a: Ѕ0 was set to 0.803 for Ni and 0.807 for Ir, according to the experimental EXAFS fit of Ni and Ir
foil by fixing CN as the known crystallographic value.
b: N – coordination numbers;
c: R – bond distance;
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d: σ2 – Debye-Waller factors;
e: ΔE0 – the inner potential correction.
R factor – goodness of fit.

6.4 Conclusions
In summary, we demonstrated that highly efficient OER electrocatalyst can be developed by taking
advantages of heterostructure engineering. The heterostructured Ir/Ni(OH) 2 electrocatalyst not only show
high OER activity but also decent durability due to the unique interface chemistry. For one, the Ni(OH)2
substrate ensures the exposure of active sites. For another, the synergistic effect between the in situ formed
IrOx and NiOOH breaks the restrictive scaling relation, which substantially promotes the OER kinetics.
Furthermore, the metastable Ir(V) species is stabilized by the strong electronic interaction and the Ir-O-Ni
bridge bond between Ir species and Ni(OH)2, which is beneficial to the formation of O-O bond. Our results
highlight the merits of rational heterostructure engineering and provide designing principles for developing
advanced electrocatalysts.
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Chapter 7
General conclusions and outlook
7.1 Conclusions
Electrochemical water electrolysis driven by sustainable energies plays an indispensable role in
making hydrogen economy become a reality, and developing cost-effective catalysts with high activity and
long-term durability is crucial for the economic electrochemical hydrogen production. In this doctoral work,
the state-of-the-art research progress on heterostructured catalysts for water splitting is firstly summarized,
with focuses on the material design and synthesis strategies, electrochemical performance, as well as the
related mechanisms of activity enhancement. The literature review not only leads to a comprehensive
understanding on heterostructured electrocatalysts but also provide general principles for designing
heterostructured electrocatalysts. Therefore, several heterostructured electrocatalysts are designed and
synthesized for the efficient electrochemical hydrogen production.
The superiorities of heterostructured electrocatalysts
Generally, heterostructured electrocatalysts consist of at least two different components that are
connected by well-defined interfaces. Such a unique structure naturally leads to an inter-component
electronic interaction, which can modulate local electronic structures and subsequently boost the
electrocatalytic performance. Meanwhile, the sudden change in chemical compositions results in distinctive
atomic coordinates and possible lattice strains at the interface, both of which may affect the electrocatalytic
performance. Besides, the confinement effect of the interface can effectively stabilize nanostructured
components as well as metastable active species, ensuring the exposure of sufficient active sites during
electrochemical reactions. Furthermore, the synergistic effects between different components may result in
a “one plus one larger than two” scenario where the heterostructure exhibits superior performance to either
of the single-component counterparts. These superiorities are beneficial for promoting the electrocatalytic
performance.
Principles for designing heterostructured electrocatalysts
First, the control of interface chemistry actually relies on screening the suitable component
combinations and regulating the interfacial structures. The successful design of heterostructured
electrocatalyst starts with identifying the proper active species for the desired reaction, which should
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possess abundant active sites with moderate binding energy to the key intermediates.
Second, the ever-expanding 2D material families provide numerous building blocks for constructing
heterostructures, which makes the selection of suitable combinations a challenging task. For one thing, the
electronegativity difference between active sites and the substrate should be evaluated for designing
heterostructured electrocatalysts. The electron density can be greatly influenced by the inter-component
electronic interactions, leading to the variations in the binding energy of intermediates. For another, the
possible synergistic effects, which commonly derive from different adsorption behaviours of two
components, should also be considered.
Third, in addition to screening proper building block combinations, regulating the interfacial
structures (e.g., lattice strain, coordination environment) is also pivotal for the heterostructure design. There
could be noticeable differences in heterostructured catalysts with the same components but distinct
interfacial structures.
At last, the building blocks for heterostructured electrocatalyst are not necessarily the combination
of active plus non-active materials, and there are also plenty of variants such as core-shell, in-plane, and
sandwich heterostructures. Such diversity offers extensive opportunities and possibilities for developing
efficient electrocatalysts. Although the abovementioned primary principles are discussed based on the
simple active species/substrate heterostructure, they still work for designing other types of heterostructures
as references.
Efficient heterostructured electrocatalysts for water splitting
In this doctoral work, several heterostructured electrocatalysts have been synthesized toward
efficient electrochemical water splitting based on the aforementioned designing principles.
First, the incorporation of Ni(OH)2 nanoclusters can not only promote the water
adsorption/dissociation process but also modulate the electronic structure of MoS2, and eventually the
synergistic effect between MoS2 and Ni(OH)2 induces substantially enhanced alkaline HER kinetics.
After that, cubic phase CoSe2 was also used to improve the alkaline HER activity of MoSe2. The
promotion mechanism is similar to the case of Ni(OH)2, that cubic phase CoSe2 works as a water
dissociation promoter. Besides, the phase effect of cubic phase CoSe2 and orthorhombic phase CoSe2 was
explored, and the orthorhombic phase CoSe2 is not as good as cubic phase CoSe2 in view of promoting
water adsorption/dissociation.
At last, a heterostructured Ir/Ni(OH)2 electrocatalyst was carefully designed. Owing to the different
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surface behavior of IrOx and NiOOH, the RDS of OER on the surface of these two species are not the same.
The synergistic effect between the two species effectively break the scaling relationship, and hence the
heterostructured Ir/Ni(OH)2 electrocatalyst show extremely high OER activity. This result highlights the
merits of rational heterostructure engineering.

7.2 Outlook
The intriguing interface chemistry in heterostructured electrocatalysts including confinement effect,
electronic interaction, distinctive coordinate environment, synergistic effect, etc., provides remarkable
possibilities for developing advanced electrocatalysts. Although the hybridization of two components is
simple and straightforward, the precise control of the interfacial structure is still in its infancy. The lattice
constants and the coordinate environment of the active sites greatly influence the catalytic performance, yet
these interfacial fine structures cannot be controlled at will by most of the current synthesis methods.
Epitaxial growth is a good choice for precisely tuning the interfaces; however, traditional epitaxial methods
require high temperature or high vacuum facilities, thus epitaxial synthesis methods under mild conditions
are greatly desired. Moreover, numerous defects and vacancies can be introduced during the preparation of
2D materials, which may act as nucleation sites for heterostructure growth. Meanwhile, these defects and
vacancies are potential active sites that contribute to the overall electrocatalytic activity, which should be
carefully evaluated to establish a more accurate structure–function relationship. Further, theoretical
calculations are powerful tools for revealing the electronic interactions and reaction pathways, but the gaps
between the model structures and the real electrocatalysts may lead to oversimplifications and
misinterpretations. Although 2D single crystals and their heterostructures with few defects may not be good
electrocatalysts, they serve as perfect model materials that bridge the experiment and the theory. If we have
a better understanding of interface chemistry, heterostructured electrocatalysts will be engineered with
satisfactory catalytic performance, which will light up the road to the future sustainable energy conversion
and chemical production pathways.

105

List of References

List of References
[1]

M. Carmo, D. L. Fritz, J. Mergel, D. Stolten, Int. J. Hydrogen Energy 2013, 38, 4901.

[2]

S. Trasatti, J. Electroanal. Chem. 1972, 39, 163.

[3]

I. C. Man, H.-Y. Su, F. Calle-Vallejo, H. A. Hansen, J. I. Martí
nez, N. G. Inoglu, J. Kitchin, T. F.
Jaramillo, J. K. Nørskov, J. Rossmeisl, ChemCatChem 2011, 3, 1159.

[4]

J. Rossmeisl, A. Logadottir, J. K. Nørskov, Chem. Phys. 2005, 319, 178.

[5]

Y. Li, H. Wang, L. Xie, Y. Liang, G. Hong, H. Dai, J. Am. Chem. Soc. 2011, 133, 7296.

[6]

J. Deng, P. Ren, D. Deng, L. Yu, F. Yang, X. Bao, Energy Environ. Sci. 2014, 7, 1919.

[7]

J. Deng, P. Ren, D. Deng, X. Bao, Angew Chem Int Ed Engl 2015, 54, 2100.

[8]

M. R. Gao, J. X. Liang, Y. R. Zheng, Y. F. Xu, J. Jiang, Q. Gao, J. Li, S. H. Yu, Nat Commun
2015, 6, 5982.

[9]

Y. Guo, C. Shang, E. Wang, J. Mater. Chem. A 2017, 5, 2504.

[10]

X. Zhou, Y. Liu, H. Ju, B. Pan, J. Zhu, T. Ding, C. Wang, Q. Yang, Chem. Mater. 2016, 28, 1838.

[11]

S. Anantharaj, P. E. Karthik, B. Subramanian, S. Kundu, ACS Catalysis 2016, 6, 4660.

[12]

Y. Cheng, S. Lu, F. Liao, L. Liu, Y. Li, M. Shao, Adv. Funct. Mater. 2017, 1700359.

[13]

Y. Luo, D. Huang, M. Li, X. Xiao, W. Shi, M. Wang, J. Su, Y. Shen, Electrochim. Acta 2016, 219,
187.

[14]

X. Huang, Z. Zeng, S. Bao, M. Wang, X. Qi, Z. Fan, H. Zhang, Nat. Commun 2013, 4, 1444.

[15]

J. Kim, S. Byun, A. J. Smith, J. Yu, J. Huang, J. Phys. Chem. Lett. 2013, 4, 1227.

[16]

M. Basu, R. Nazir, P. Fageria, S. Pande, Sci. Rep. 2016, 6, 34738.

[17]

R. Subbaraman, D. Tripkovic, D. Strmcnik, K.-C. Chang, M. Uchimura, A. P. Paulikas, V.
Stamenkovic, N. M. Markovic, Science 2011, 334, 1256.

[18]

N. Danilovic, R. Subbaraman, D. Strmcnik, K. C. Chang, A. P. Paulikas, V. R. Stamenkovic, N.
M. Markovic, Angew Chem Int Ed Engl 2012, 51, 12495.

[19]

B. Zhang, J. Liu, J. Wang, Y. Ruan, X. Ji, K. Xu, C. Chen, H. Wan, L. Miao, J. Jiang, Nano Energy
2017, 37, 74.

[20]

L. Chen, J. Zhang, X. Ren, R. Ge, W. Teng, X. Sun, X. Li, Nanoscale 2017, 9, 16632.

[21]

K. Xu, H. Ding, M. Zhang, M. Chen, Z. Hao, L. Zhang, C. Wu, Y. Xie, Adv. Mater. 2017, 29,
1606980.

[22]

H. Yin, S. Zhao, K. Zhao, A. Muqsit, H. Tang, L. Chang, H. Zhao, Y. Gao, Z. Tang, Nat Commun

106

List of References
2015, 6, 6430.
[23]

M. Gong, W. Zhou, M. C. Tsai, J. Zhou, M. Guan, M. C. Lin, B. Zhang, Y. Hu, D. Y. Wang, J.
Yang, S. J. Pennycook, B. J. Hwang, H. Dai, Nat Commun 2014, 5, 4695.

[24]

X. Yan, L. Tian, M. He, X. Chen, Nano Lett. 2015, 15, 6015.

[25]

Z. Weng, W. Liu, L.-C. Yin, R. Fang, M. Li, E. I. Altman, Q. Fan, F. Li, H.-M. Cheng, H. Wang,
Nano Lett. 2015, 15, 7704.

[26]

R. Zhang, X. Ren, S. Hao, R. Ge, Z. Liu, A. M. Asiri, L. Chen, Q. Zhang, X. Sun, J. Mater. Chem.
A 2018, 6.

[27]

C. Wang, B. Tian, M. Wu, J. Wang, ACS Appl. Mater. Interfaces 2017, 9, 7084.

[28]

C. Zhang, S. Liu, Z. Mao, X. Liang, B. Chen, J. Mater. Chem. A 2017, 5, 16646.

[29]

Z. Deng, J. Wang, Y. Nie, Z. Wei, J. Power Sources 2017, 352, 26.

[30]

C. He, G. Wang, J. Parrondo, S. Sankarasubramanian, V. Ramani, J. Electrochem. Soc. 2017, 164,
F1234.

[31]

L. C. Seitz, C. F. Dickens, K. Nishio, Y. Hikita, J. Montoya, A. Doyle, C. Kirk, A. Vojvodic, H.
Y. Hwang, J. K. Norskov, Science 2016, 353, 1011.

[32]

L. Zhao, Q. Cao, A. Wang, J. Duan, W. Zhou, Y. Sang, H. Liu, Nano Energy 2017.

[33]

X. Yang, H. Li, A.-Y. Lu, S. Min, Z. Idriss, M. N. Hedhili, K.-W. Huang, H. Idriss, L.-J. Li, Nano
Energy 2016, 25, 42.

[34]

Y. Feng, H. Zhang, Y. Zhang, X. Li, Y. Wang, ACS Appl Mater Interfaces 2015, 7, 9203.

[35]

Y. Chen, Q. Zhou, G. Zhao, Z. Yu, X. Wang, S. X. Dou, W. Sun, Adv. Funct. Mater. 2018, 28(5):
1705583

[36]

M. Yu, S. Zhou, Z. Wang, J. Zhao, J. Qiu, Nano Energy 2018, 44, 181.

[37]

S. Chu, A. Majumdar, Nature 2012, 488, 294.

[38]

I. E. Agency, 2017.

[39]

Q. Cheng, H. Yi, Renew. Sustain. Energy Rev. 2017, 67, 683.

[40]

C. Binz, J. Gosens, T. Hansen, U. E. Hansen, World Dev. 2017, 96, 418.

[41]

W. Zhang, J. Mao, W. K. Pang, X. Wang, Z. Guo, Nano Energy 2018, 49, 549.

[42]

W. Zhang, J. Mao, S. Li, Z. Chen, Z. Guo, J. Am. Chem. Soc. 2017, 139, 3316.

[43]

W. Zhang, Z. Wu, J. Zhang, G. Liu, N.-H. Yang, R.-S. Liu, W. K. Pang, W. Li, Z. Guo, Nano
Energy 2018, 53, 967.

107

List of References
[44]

H. Wang, W. Zhang, H. Liu, Z. Guo, Angew. Chem. Int. Ed. 2016, 55, 3992.

[45]

W. Zhang, Y. Liu, Z. Guo, Sci. Adv. 2019, 5, eaav7412.

[46]

W. Zhang, W. K. Pang, V. Sencadas, Z. Guo, Joule 2018, 2, 1534.

[47]

H. Wang, W. Zhang, J. Xu, Z. Guo, Adv. Funct. Mater. 2018, 28, 1707520.

[48]

L. Schlapbach, A. Züttel, Nature 2001, 414, 353.

[49]

W. Kreuter, H. Hofmann, Int. J. Hydrogen Energy 1998, 23, 661.

[50]

C. A. Grimes, O. K. Varghese, S. Ranjan, in Light, water, hydrogen: the solar generation of
hydrogen by water photoelectrolysis, Springer 2008, p. 35.

[51]

J. A. Turner, Science 2004, 305, 972.

[52]

Y. Shi, B. Zhang, Chem. Soc. Rev. 2016, 45, 1529.

[53]

S. Y. Tee, K. Y. Win, W. S. Teo, L. D. Koh, S. Liu, C. P. Teng, M. Y. Han, Adv Sci (Weinh) 2017,
4, 1600337.

[54]

A. Konieczny, K. Mondal, T. Wiltowski, P. Dydo, Int. J. Hydrogen Energy 2008, 33, 264.

[55]

J. Turner, G. Sverdrup, M. K. Mann, P. C. Maness, B. Kroposki, M. Ghirardi, R. J. Evans, D.
Blake,

[56]

Int. J. Energy Res. 2008, 32, 379.

P. Wang, X. Zhang, J. Zhang, S. Wan, S. Guo, G. Lu, J. Yao, X. Huang, Nat. Commun 2017, 8,
14580.

[57]

J. Lim, D. Park, S. S. Jeon, C.-W. Roh, J. Choi, D. Yoon, M. Park, H. Jung, H. Lee, Adv. Funct.
Mater. 2018, 28, 1704796.

[58]

J. Ying, G. Jiang, Z. P. Cano, L. Han, X.-Y. Yang, Z. Chen, Nano Energy 2017, 40, 88.

[59]

L. Zhang, L. Han, H. Liu, X. Liu, J. Luo, Angew. Chem. Int. Ed. 2017, 56, 13694.

[60]

Y. Zhang, Q. Zhou, J. Zhu, Q. Yan, S. X. Dou, W. Sun, Adv. Funct. Mater. 2017, 27, 1702317.

[61]

H. Fan, H. Yu, Y. Zhang, Y. Zheng, Y. Luo, Z. Dai, B. Li, Y. Zong, Q. Yan, Angew. Chem. 2017,
129, 12740.

[62]

J. X. Feng, L. X. Ding, S. H. Ye, X. J. He, H. Xu, Y. X. Tong, G. R. Li, Adv. Mater. 2015, 27,
7051.

[63]

H. Cheng, C.-Y. Su, Z.-Y. Tan, S.-Z. Tai, Z.-Q. Liu, J. Power Sources 2017, 357, 1.

[64]

G. F. Chen, T. Y. Ma, Z. Q. Liu, N. Li, Y. Z. Su, K. Davey, S. Z. Qiao, Adv. Funct. Mater. 2016,
26, 3314.

[65]

H. Cheng, Y.-Z. Su, P.-Y. Kuang, G.-F. Chen, Z.-Q. Liu, J. Mater. Chem. A 2015, 3, 19314.

108

List of References
[66]

D. Yan, Y. Li, J. Huo, R. Chen, L. Dai, S. Wang, Adv. Mater. 2017, 29, 1606459.

[67]

A.-L. Wang, H. Xu, G.-R. Li, ACS Energy Lett. 2016, 1, 445.

[68]

W. R. Frensley, Heterostructures and Quantum Devices, Academic Press, New York 1994.

[69]

R. De Levie, J. Electroanal. Chem. 1999, 476, 92.

[70]

M. M. Mader, P. A. Bartlett, Chem.Rev. 1997, 97, 1281.

[71]

P. Quaino, F. Juarez, E. Santos, W. Schmickler, Beilstein J Nanotechnol 2014, 5, 846.

[72]

B. Conway, B. Tilak, Electrochim. Acta 2002, 47, 3571.

[73]

A. J. Bard, L. R. Faulkner, J. Leddy, C. G. Zoski, Electrochemical methods: fundamentals and
applications, wiley New York, 1980.

[74]

N. Danilovic, R. Subbaraman, D. Strmcnik, V. R. Stamenkovic, N. M. Markovic, J. Serb. Chem.
Soc. 2013, 78, 2007.

[75]

H. Lehmann, X. Fuentes-Arderiu, L. Bertello, Pure Appl. Chem. 1996, 68, 957.

[76]

Z. W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff, J. K. Norskov, T. F. Jaramillo, Science
2017, 355.

[77]

T. Schmidt, P. Ross, N. Markovic, J. Electroanal. Chem. 2002, 524, 252.

[78]

F. Wang, T. A. Shifa, X. Zhan, Y. Huang, K. Liu, Z. Cheng, C. Jiang, J. He, Nanoscale 2015, 7,
19764.

[79]

B. E. Conway, T. Liu, Langmuir 1990, 6, 268.

[80]

V. I. Birss, A. Damjanovic, P. Hudson, J. Electrochem. Soc. 1986, 133, 1621.

[81]

C. M. Pedersen, M. Escudero-Escribano, A. Velázquez-Palenzuela, L. H. Christensen, I.
Chorkendorff, I. E. Stephens, Electrochim. Acta 2015, 179, 647.

[82]

Z. Xu, J. Rossmeisl, J. R. Kitchin, J. Phys. Chem. C 2015, 119, 4827.

[83]

J. Rossmeisl, Z.-W. Qu, H. Zhu, G.-J. Kroes, J. K. Nørskov, J. Electroanal. Chem. 2007, 607, 83.

[84]

J. B. Goodenough, R. Manoharan, M. Paranthaman, J. Am. Chem. Soc. 1990, 112, 2076.

[85]

J. O. Bockris, T. Otagawa, J. Phys. Chem. 1983, 87, 2960.

[86]

J. O. M. Bockris, T. Otagawa, J. Electrochem. Soc. 1984, 131, 290.

[87]

J. Suntivich, K. J. May, H. A. Gasteiger, J. B. Goodenough, Y. Shao-Horn, Science 2011, 334,
1383.

[88]

J. K. Nørskov, T. Bligaard, A. Logadottir, J. Kitchin, J. G. Chen, S. Pandelov, U. Stimming, J.
Electrochem. Soc. 2005, 152, J23.

109

List of References
[89]

B. Hinnemann, P. G. Moses, J. Bonde, K. P. Jørgensen, J. H. Nielsen, S. Horch, I. Chorkendorff,
J. K. Nørskov, J. Am. Chem. Soc. 2005, 127, 5308.

[90]

T. F. Jaramillo, K. P. Jørgensen, J. Bonde, J. H. Nielsen, S. Horch, I. Chorkendorff, Science 2007,
317, 100.

[91]

L. Liao, J. Zhu, X. Bian, L. Zhu, M. D. Scanlon, H. H. Girault, B. Liu, Adv. Funct. Mater. 2013,
23, 5326.

[92]

E. Skúlason, V. Tripkovic, M. E. Björketun, S. Gudmundsdottir, G. Karlberg, J. Rossmeisl, T.
Bligaard, H. Jónsson, J. K. Nørskov, J. Phys. Chem. C 2010, 114, 18182.

[93]

K. K. Ghuman, S. Yadav, C. V. Singh, J. Phys. Chem. C 2015, 119, 6518.

[94]

Z. Chen, D. Cummins, B. N. Reinecke, E. Clark, M. K. Sunkara, T. F. Jaramillo, Nano Lett. 2011,
11, 4168.

[95]

H. Lin, Z. Shi, S. He, X. Yu, S. Wang, Q. Gao, Y. Tang, Chem. Sci. 2016, 7, 3399.

[96]

D. Wang, Q. Li, C. Han, Z. Xing, X. Yang, ACS Central Science 2017, 4, 112.

[97]

X. Zhang, P. Ding, Y. Sun, Y. Wang, Y. Wu, J. Guo, J. Alloys Compd. 2017, 715, 53.

[98]

Z. Zhuang, W. Sheng, Y. Yan, Adv. Mater. 2014, 26, 3950.

[99]

J. X. Feng, S. H. Ye, H. Xu, Y. X. Tong, G. R. Li, Adv. Mater. 2016, 28, 4698.

[100]

Y. R. Zheng, M. R. Gao, Q. Gao, H. H. Li, J. Xu, Z. Y. Wu, S. H. Yu, Small 2015, 11, 182.

[101]

C. Chang, L. Zhang, C. W. Hsu, X. F. Chuah, S. Y. Lu, ACS Appl Mater Interfaces 2017, DOI:
10.1021/acsami.7b13127.

[102]

K. Karthick, S. Anantharaj, P. E. Karthik, B. Subramanian, S. Kundu, Inorg. Chem. 2017, 56,
6734.

[103]

M. Ledendecker, G. Clavel, M. Antonietti, M. Shalom, Adv. Funct. Mater. 2015, 25, 393.

[104]

Z.-x. Cai, X.-h. Song, Y.-r. Wang, X. Chen, ChemElectroChem 2015, 2, 1665.

[105]

Z. Zhang, B. Lu, J. Hao, W. Yang, J. Tang, Chem Commun (Camb) 2014, 50, 11554.

[106]

H. Tang, K. Dou, C.-C. Kaun, Q. Kuang, S. Yang, J. Mater. Chem. A 2014, 2, 360.

[107]

J. Yang, D. Voiry, S. J. Ahn, D. Kang, A. Y. Kim, M. Chhowalla, H. S. Shin, Angew Chem Int Ed
Engl 2013, 52, 13751.

[108]

Y. Lei, S. Pakhira, K. Fujisawa, X. Wang, O. O. Iyiola, N. s. Perea López, A. Laura Elías, L.
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